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Abstract 
This thesis describes the results of laboratory and theoretical modelling of the 
steady airflows and thermal stratifications in naturally ventilated enclosures that 
are established by multiple localised sources of buoyancy at different elevations wi- 
thin the space. Previous research has largely been limited to sources located at a 
single level, however, there are many practical situations where buoyancy sources 
axe located at different elevations, for example, inside tiered lecture theatres and 
auditoria. Understanding the dynamics of the airflows in these spaces, so that ef- 
fective low-energy designs can be identified, provided the motivation for the present 
work. 
Experimental observations at small scale, using water as the working fluid and 
brine to create density differences, show that, in general, a steady three-layer flow is 
established by two localised sources of buoyancy. This basic structure is maintained 
for a broad range of source elevations and strength ratios. Measurements of interface 
heights revealed a sensitive dependence on the ventilation opening area and a less 
sensitive dependence on the relative source strengths and elevations. The predictions 
of a mathematical model, developed to provide further insight into these flows and 
estimates of the bulk flow properties, showed good agreement with experimental 
observations. 
A key design requirement for comfort in tiered auditoria is that occupants are 
located within the cooler region of the stratification. It is shown that the minimum 
height of the thermal interface sepaxating the warm upper and cooler lower regions is 
closely predicted by assuming that all sources axe located on the floor. Additionally, 
increasing the incline of the floor generally requires an increase in the ventilation 
rate to maintain comfortable displacement ventilation conditions for all occupants. 
Further implications of this research to the design of naturally ventilated enclosures 
are discussed. 
3 
Acknowledgements 
I would like to thank my PhD supervisor, Dr Gary R. Hunt, for spotting potential 
in me as a fourth-year undergraduate student at Imperial College London, giving 
me the opportunity to carry out this research, providing direction, invaluable advice 
and support during each phase of the work, and persevering with me through its 
writing up. Without his commitment and attention to detail this thesis would not 
be what it is. 
I gratefully acknowledge the EPSRC for providing the first three years of funding 
for this work, and I thank my mother for housing and helping to finance me through 
the fourth year. 
I would like to thank Dr David Allgayer, Dr Chris Coffey, Dr Nigel Kaye and 
Dr Kostas Syrios, with whom I shared a research office, for their friendship, as- 
sistance and solidarity. I would also like to thank my other fellow researchers in 
the group - Jon, Giuliana, and Marina, for stimulating conversations and creating 
a pleasant working environment. Thanks also goes to Prof. Chris Swan and his 
students for bringing an element of fun to my time as a research student. Special 
thanks goes to Mr Bill Bobinski, Mr Tony Allen and Mr Bob Hewitt for providing 
technical assistance and friendly banter in the laboratory, and Mr David Page-Croft 
for manufacturing the nozzles. 
I owe a huge debt of gratitude to my current employer, mentor and friend, 
Rev. Mark Prentice, who has repeatedly treated me with immense love and grace 
by allowing me to take time off work to complete this project. A great thanks 
also goes to my fellow CITI interns at the All Souls Clubhouse - Mark, Leon, Dev 
and Phil, for their comradeship and encouragement, and for graciously covering my 
church duties during my absences. 
I would like to thank my parents for their support and encouragement to perse- 
vere in this research. Most specially, however, I would like to thank my lovely wife, 
Josephine, who has patiently endured being shared with this PhD since the day we 
first met. I look forward to spending more time with you soon! 
Finally, all my thanks and praise goes to God the Father who has blessed me 
with the opportunity to study a part of His wonderful creation. During the first year 
of my research, He turned my life around by bringing me to a personal knowledge 
of the Gospel. Now I can have life in all its fullness through His Son, Jesus Christ, 
who died for me so that I can live in a restored relationship with Him. What a joy! 
My prayer is that this work brings Him glory and blesses all those who read it. 
4 
Contents 
Abstract 
Acknowledgements 
List of figures 
List of tables 
Nomenclature 
3 
4 
10 
17 
19 
I Introduction 23 
1.1 Environmental context .......................... 25 
1.1.1 Local environment ........................ 25 
1.1.2 Global environment ........................ 26 
1.1.3 Ventilation types ......................... 26 
1.2 Main aim and objectives ......................... 27 
1.3 Layout ................................... 28 
2 Research context and strategy 29 
2.1 Introduction ................................ 29 
2.2 Airflow studies in auditoria ........................ 30 
2.3 Full-scale studies ............................. 30 
2.4 Building design guidelines ........................ 34 
2.5 Systematic approach to research ..................... 35 
2.6 Occupancy layouts ............................ 37 
2.6.1 Horizontal distributions ..................... 37 
2.6.2 Vertical distributions ....................... 38 
2.6.3 Combined distributions ...................... 39 
2.6.4 Ventilation and environmental conditions ............ 39 
2.7 Modelling approaches ........................... 40 
5 
Contents 
2.8 Modelling occupancy layouts in auditoria ................ 41 
2.8.1 Single point sources of buoyancy ................. 43 
2.8.2 Multiple point sources of unequal strengths ........... 49 
2.8.3 Multiple point sources at different elevations .......... 53 
2.8.4 Line sources ............................ 53 
2.8.5 Small-area distributed sources .................. 53 
2.8.6 Large-area distributed sources .................. 54 
2.8.7 Summary of current knowledge ................. 56 
2.9 Large-scale studies ............................ 58 
2.10 Research strategy and aims ....................... 62 
2.11 Conclusions 
................................ 64 
3 Methodology 65 
3.1 Introduction 
................................ 65 
3.2 Equipment ................................. 65 
3.2.1 Buoyancy sources ......................... 67 
3.2.2 Plume source corrections ..................... 69 
3.2.3 Flow rate meter calibrations ................... 71 
3.2.4 Ventilation openings ....................... 72 
3.2.5 Setup procedure .......................... 73 
3.3 Shadowgraph experiments ........................ 74 
3.4 Light-attenuation experiments ...................... 75 
3.4.1 Dye calibration .......................... 76 
3.4.2 Experimental procedure ..................... 78 
3.4.3 Image processing ......................... 79 
3.4.4 Density calibration ........................ 80 
3.4.5 Parallax errors .......................... 81 
3.5 Similarity ................................. 83 
3.5.1 Geometric similarity ....................... 83 
3.5.2 Boundary conditions ....................... 84 
3.5.3 Dynamical similaxity ....................... 84 
3.6 Alternative modelling techniques .................... 86 
3.7 Plan of experiments ............................ 89 
3.7.1 Experiments in Box I....................... 89 
3.7.2 Experiments in Box 2....................... 92 
3.8 Conclusions 
................................ 95 
6 
Contents 
4 Visual analysis of results 96 
4.1 Introduction ................................ 96 
4.2 Labelling convention ........................... 96 
4.3 Flow regimes ............................... 98 
4.4 Benchmarking ............................... 101 
4.5 Transients ................................. 103 
4.6 Steady states ............................... 106 
4.7 Hysteresis ................................. 107 
4.8 Absolute source strengths ........................ 107 
4.9 Plume Plate ................................ 109 
4.10 Conclusions ................................ 111 
5 Theoretical approach and error analysis 112 
5.1 Introduction ................................ 112 
5.2 Assumptions ................................ 112 
5.3 Plume equations ............................. 113 
5.4 Dimensionless parameters ........................ 114 
5.5 Virtual origin correction ......................... 114 
5.6 Verification of plume equations ..................... 116 
5.7 Exit flow rates ............................... 117 
5.8 Discharge coefficient ........................... 118 
5.8.1 Constant discharge coefficients .................. 119 
5.8.2 Vaxiable discharge coefficients .................. 120 
5.8.3 Revised discharge coefficient ................... 121 
5.8.4 Discussion ............................. 125 
5.8.5 Implications ............................ 127 
5.9 Selective withdrawal ........................... 129 
5.10 Error analysis ............................... 131 
5.10.1 Overview ............................. 131 
5.10.2 Interface heights ......................... 132 
5.10.3 Reduced gravities ......................... 133 
5.10.4 Volume flow rates ......................... 134 
5.10.5 Plume properties ......................... 135 
5.10.6 Discharge coefficient ....................... 136 
5.11 Conclusions ................................ 137 
7 
Contents 
6 Analysis of two sources 138 
6.1 Introduction ................................ 138 
6.2 Equal strengths, various elevations ................... 139 
6.3 Equal elevations, various strengths ......... ........... 144 
6.4 Unequal strengths, various elevations ................... 149 
6.4.1 Elevating the stronger source .................. 149 
6.4.2 Elevating the weaker source ................... 154 
6.5 Unequal elevations, various strengths .................. 157 
6.6 Various floor areas ............................ 162 
6.7 Various visualisation techniques ..................... 166 
6.8 Equal elevations, various vent areas ................... 171 
6.9 Unequal elevations, vaxious vent areas .................. 176 
6.10 Various vent areas and elevations .................... 181 
6.11 Blocking the impinging plume ...................... 186 
6.12 Summary of results for two sources ................... 191 
6.13 Conclusions ................................ 192 
7 Analysis of four sources 193 
71 Introduction ................................ 193 
7.2 Even distribution, various elevations .................. 194 
7.3 Unequal elevations, various distributions ................ 199 
7.4 Uneven distribution, various elevations ................. 204 
7.5 Various multiple elevations ........................ 209 
7.6 Multiple elevations, various vent areas ................. 214 
7.7 Various multiple elevations and vent axeas ............... 218 
7.8 Summary of results for four sources ................... 224 
7.9 Conclusions ................................ 226 
8 Theoretical model 227 
8.1 Introduction ................................ 227 
8.2 Two sources ................................ 228 
8.2.1 Both sources in Layer 0..................... 228 
8.2.2 Distributed plume model ..................... 231 
8.2.3 Source 2 in Layer 1........................ 234 
8.2.4 Critical flows ........................... 238 
8.2.5 Preliminary analysis ....................... 240 
8.2.6 Limiting depth of Layer 2.................... 241 
8.2.7 Plume impinging on a density interface ............. 244 
8.2.8 Comparison with laboratory data ................ 249 
8 
Contents 
8.3 Multiple equal sources .......................... 255 
8.3.1 All sources in Layer 0....................... 256 
8.3.2 Elevated sources in Layer 1................... 258 
8.3.3 Critical flows 
........................... 260 
8.3.4 Comparison with laboratory data ................ 261 
8.3.5 Source distribution 
........................ 263 
8.4 Conclusions ................................ 267 
9 Conclusions 268 
9.1 Further work ............................... 272 
References 
A Flow rate meter calibration 
B Visualisations 
C Data plots 
D Case study 
273 
279 
281 
327 
412 
9 
List of Figures 
1.1 Example auditorium .......................... 24 
2.1 Bedales School and Queens Building .................. 31 
2.2 Research steps .............................. 
36 
2.3 Horizontal occupant distributions ................... 37 
2.4 Vertical occupant distributions ..................... 38 
2.5 Two-layer draining flow ......................... 43 
2.6 Two-layer displacement ventilation flow ................ 46 
2.7 Multiple-layer displacement ventilation flows ............. 49 
2.8 Point sources at multiple elevations .................. 53 
2.9 Distributed sources ........................... 54 
2.10 Distributed sources at multiple elevations ............... 55 
3.1 Box 1 and Box 2: Schematics ..................... 67 
3.2 Nozzle : Schematic ........................... 68 
3.3 Constant head tank : Schematic .................... 69 
3.4 Nozzle and human being: Schematics ................. 71 
3.5 Ventilation openings Locations ........ ............. 72 
3.6 Ventilation openings Relative areas ................. 73 
3.7 Experimental setup Schematics .................... 75 
3.8 Dye calibration plot ........................... 78 
3.9 Extrapolation of interface positions 
................... 
81 
3.10 Parallax ................................. 82 
4.1 Labelling convention : Schematic ................... 97 
4.2 Flow regimes : Images and schematics ................. 99 
4.3 Flow regimes: Plots .......................... 100 
4.4 02 =0 Comparison of & vs 0 with previous research ........ 101 
4.5 02 =0 EV (1S, 1L) : Images of (1,1,1) .......... 102 24 
4.6 V) =1 EV 1S : Time series of 
02 1,1) 
........... 104 632 
4.7 =1 02 = Time series of EV = (1S, 1L, 2L) .......... 105 2 
4.8 '0 = 13 02 =I EV = 1S : Hysteresis study ............. 108 3 
4.9 '0 =1 02 =I EV = 1S : Absolute source strength study ..... 109 
10 
List of Figures 
4.10 Plume Plate : Schematic ........................ 110 
4.11 0=1,02=!, EV=lS: EffectofPlumePlate .......... 111 6 
5.1 Virtual source position : Schematic .................. 115 
5.2 Plots of estimated GI, vs measured g, ................. 116 
5.3 Plots of c,,, t vs r,,, t ........................... 124 
5.4 Plots of c,,,, t vs r,,, t and cd vs r,,. t ................... 124 
5.5 Plot of c,,. t vs Re,,. t ........................... 125 
5.6 Outflow patterns : Sketch and image ................. 126 
5.7 Plots of estimated (Q11 + Q21) vs measured Q,,, t for 0=1..... 127 
5.8 Plots of estimated (Q11 + Q21) vs measured Q ... t for V) = (. 
1,3) 
... 128 3 
5.9 Selective withdrawal : Schematic and image ............. 130 
6.1 '0 =1 EV = 1S : Images Of 02 
AI1 2) 
............. 141 33 
6.2 0=1 EV = 1S : Plots of (&, §j1, (Lt) VS 02 ............ 142 
6.3 02 =0 EV = 1S : Images of 0= (1,0,4) .............. 146 4 
6.4 02 =0 EV = 1S : Plots of (Cis §j1, (ýmt) vs 0 ............ 147 
6.5 (1,4) , EV = 1S Images Of 
02 = (0) 
It I1 2) 
......... 151 4633 
6.6 (1,4) , EV = 1S Plots of (Ci, §j', vs 
02 
......... 152 4 
6.7 02 = (Is 2) , EV = 1S Images of 0 1,4) ........... 158 334 
6.8 02 = (1,2) , EV = 1S Plots of 
(Ci, §j', (ý,,, t) vsO ......... 159 33 
6.9 0=I, EV = 1S : Images of 02 in Box 1 and Box 2.... 164 t2 
6.10 =1, EV = 1S : Plots of (Ci, §j', Qout) VS 02 in Box 1 and Box 2 165 
6.11 =1, EV = 1S : Images of 
02 = (1,1) using two vis. tech. 167 62 
6.12 =1, EV = 1S : Density prof. of 
02 = Q, ý') using two vis. tech. 168 62 
6.13 =1, EV = 1S : Plots of (Ci, §j', Q,,, t) vs 
02 using two vis. tech. 169 
6.14 '0 =1,02 =0 3-D Map of 1S > EV > 8L .............. 172 
6.15 '0 =1 02 =0 Images of EV = (1S, 1L, 3L, 8L) .......... 174 
6.16 0=1 02 =0 Plots of (&7 §j17 Qout) vs A*1H 
2........... 175 
6.17 10 =1 02 = (1,2) : Images of EV = (1S, 1L, 3L, 8L) ....... 178 33 
6.18 0=1,02 = (1,2) : Plots of (Ci, §j', (2,,. t) vs A*1H 
2........ 179 33 
111252 6.19 0=1t 02 =Rg): Plot of Qout vs A*1H ....... 180 61 7 ý, ý7 ý 
6.20 0=1, EV = (1S, 1L) : Plots of (&, §j', Qaut) VS 02 ......... 183 
6.21 0=1, EV = (3L, 8L) : Plots of (Ci, §j', (ý, ut) vs 
02 
......... 184 
6.22 0=17 02 = Images (Plume Plate) for EV = (1S, 1L) ...... 187 
6.23 *0 =11 02 = Plots Of ýi VS 02 (Plume Plate) for EV (1S, 1L) . 188 6 
6.24 0=1,02 =1: Density profiles (Plume Plate) with EV 1S .... 189 
11 
List of Figures 
7.1 
7.2 
7.3 
7.4 
7.5 
7.6 
7.7 
7.8 
7.9 
7.10 
7.11 
7.12 
7.13 
7.14 
?p=2: 2 and -0 1, EV = IS : Images of 
(04,02) 
= (0,1 2) ... 195 37 3 
= 2: 2 and 01, EV = IS : Plots of (ý. t) vs (04,02) 196 
= 2: 2 and 01, EV = IS : Plots of (g!, Qcnst) VS (041 02) .... 
197 
04 =1 EV = IS : Images of (1: 3,2: 2,3: 1) ........... 201 31 
04 =1 and 02 EV IS Plots of (Ci, ýj', (ý,,. t) vs 202 33 
(1: 3,2: 2,3: 1) and V) (1,1,3) EV = IS : Ci VS (041 02) ... 206 3 
(1: 3,2: 2,3: 1) and, 0 (1,1,3) EV = IS : §i' vs 
(04,02) 207 3 
M, EV = IS : Images Of 04 = (07 
Is 2) 
............. 210 33 
M and 1, EV = IS Plots of (Ci, §i', ý, mt) vs 
04,02 
... 211 
M and V) =1, (04,02) 0: Images of EV = (IS, 1L, 3L, 8L) 215 
M and, 0 =1, (04,02) 0: Plots of Q,,,, t) vs A*1H 
2.216 
M, 04 = .1: Images of EV = (IS, 1L, 3L, 8L) ......... 220 3 
M, 04 =2: Images of EV = (IS, 1L, 3L, 8L) ......... 221 3 
2 Ms 04 = (17 2) : Plots of vs A*1H ....... 222 33 
8.1 2 sources in Layer 0: Schematic .................... 228 
8.2 Distributed plume models : Schematics ................ 232 
8.3 2 sources Source 2 in Layer 1 Schematic .............. 235 
8.4 Models of Plume 2 in Layer 1 Schematics .............. 236 
8.5 2 sources critical flow : Schematic .................. 238 
8.6 Box 2,0= (1,3) , Ci vs 02 , EV = 1S : Unlimited ý2 model vs data241 3 
8.7 Plots of layer depths vs plume radii .................. 242 
8.8 Depth of Layer 2 scaled plume radius at ceiling ........... 242 
8.9 Box 2, (1,3) , ýj vs 02 , EV = 1S : Limited C2 model vs data. 243 3 
8.10 Box 2, (1,1,3) t Ci VS 02 , EV =1S: Model vs data (PP) 246 3 
8.11 Plots of Q* vs Fr12 ........................... 247 
8.12 Box 2t0= (1,1,3) o Ci VS 02 , EV = 1S : Model vs data ..... 248 3 
8.13 Box 1,0=1, Ci vs 02 EV = (1S, 1L) : Model vs data ...... 249 
8.14 Box 1, V) = (11, j1 t j3 
vs 02 
, EV (1S, 1L) : Model vs data . 250 42 4) 
8.15 Box 1, (1,2,4) Ci VS 02 , EV (1S, 1L) : Model vs data 251 3 
8.16 Box 11 02 = (Ot g' y 51) Ci vs 0, EV 
(1S, 1L) : Model vs data 253 63 
8.17 Box 1,02 = (it ?, §) Ci vsO , EV (lSt 1L) : Model vs data 254 2369 
8.18 4 equal sources in Layer 0: Schematic ................ 255 
8.19 4 equal sources ,m sources in Layer 1 Schematic .......... 258 
8.20 Box 2, ý= (1,1,3) Ci VS 02 1 EV = (1S, 1L) : Model vs data 262 3 
8.21 Equal sources ,n5 increasing m: Model ............. 263 
8.22 Equal sources ,m5 increasing n: Model ............. 264 
8.23 10 equal sources , increasing m decreasing n: Model ........ 265 
8.24 10 equal sources , increasing n decreasing m: Model ........ 266 
12 
List of Figures 
A. 1 Plots of Qjo vs Qf,,, for various Gi ................... 280 SO 
B. 1 Appendix B key ............................. 284 
B. 2a Box 1,, 0 <1 EV = IS ........................ 285 
B. 2b Box 1>1 EV = IS ........................ 286 
B. 3a Box 1<I EV =M........................ 287 
B. 3b Box 1 V) 1 EV = 1L ........................ 288 
BA Box 1 ,o1 EV = (IS, 1L7 2L) ................... 289 
B. 5a Box 2,, o 1, EV = IS ........................ 290 
B. 5b Box 2,, o 1, EV =M........................ 291 
B. 5c Box 2,, o 1, EV = 2L ........................ 292 
B-5d Box 2, ?p1, EV = 3L ........................ 293 
B. 5e Box2,, 0=1, EV=4L ........................ 294 
B-5f Box 2, ip = 1, EV = 8L ........................ 295 
B. 6a Box 2, =1 EV = IS : Plume Plate ................ 296 
B-6b Box 2, =1 EV = 1L : Plume Plate ................ 297 
B. 6c Box 2, =1 EV = 2L : Plume Plate ................ 298 
B. 6d Box 2, =1 EV = 3L : Plume Plate ................ 299 
B. 6e Box 2, =1 EV = 4L: Plume Plate ................ 300 
B. 6f Box 2,0 =1 EV = 8L: Plume Plate ................ 301 
B. 7a Box 2,1, EV = IS ........................ 302 3 
B. 7b Box 2,1, EV = 1L ........................ 303 3 
B. 7c Box 2,1, EV = 2L ........................ 304 3 
B. 8a Box 2,, o = 3, EV = IS ........................ 305 
B. 8b Box 2,, o = 3, EV =M........................ 306 
B. 8c Box 2,, o = 3, EV = 2L ........................ 307 
B. 9a Box 21, EV = IS : Plume Plate ................ 308 3 
B. 9b Box 21, EV = 1L : Plume Plate ................ 309 3 
B. 9c Box 2,51 , EV = 2L : Plume Plate ................ 310 
B. 10a Box 2,3, EV - IS : Plume Plate ................ 311 
B. 10b Box 2 3, EV =M: Plume Plate ................ 312 
B. 10c Box 2 3, EV = 2L: Plume Plate ................ 313 
B. 11a Box 2,1: 3, EV = IS ....................... 314 
B. 11b Box 2,1: 3, EV = 1L ....................... 315 
B, 12a Box 2,2: 2, EV = IS ....................... 316 
B. 12b Box 2,2: 2 , EV = 1L ....................... 317 
B. 13a Box 2,3: 1 , EV = IS ....................... 318 
B. 13b Box 2,3: 1 , EV = 1L ....................... 319 
13 
List of Figures 
B. 14a Box 2, ý=M, EV = 1S ....................... 320 
B. 14b Box 2, ý=M, EV =M....................... 321 
B. 14c Box 2, ý=M, EV = 2L ....................... 322 
B. 14d Box 2, ý= NI , EV = 3L ....................... 323 
B. 14e Box 2, ý=M, EV = 4L ....................... 324 
B. 14f Bcoc 2, At , EV = 8L ....................... 325 
B. 15 Box 2, (1,1) 
, 
EV = 1S : Hysteresis .............. 326 3 
C. 1 Appendix C key 
............................. 333 
C. 2a Box 1,0: 5 1, & vs 02, EV = (1S, 1L) ............... 334 
C-2b Box 1, v! 1, & vs 02, EV = (1S, 1L) ............... 
335 
C. 3a Box 2,0 (1,1,3) 
,& vs 02 , 
EV = (1S, 1L) ........... 336 3 
C-3b Box 2, ip 51,1,3) ,& vs 
02 
, EV = (2L, 3L) ........... 337 
Q 
C. 3c Box 2, ;5(. 1,1,3) , Ci vs 
02, EV = (4L, 8L) ........... 338 3 
C. 4a Box 1,0: 5 1 §j ,' vs 02 , EV = (1S, 1L) ............... 339 
C. 4b Boxl,, 02: 1,. 4jvso2, EV=(lS, lL) ............... 340 
C. 5a Box 2, ip = (1,1,3) , 
Yj vs, 02 , EV = 
(1S, 1L) ........... 341 3 
C. 5b Bcx 2, ip = (1,1,3) , Yj vs ý52 , EV = (2L, 3L) ........... 342 3 
C. 5c Box 2, Q, 1,3) , §j' vs 
ý2 
, EV = (4L, 8L) ........... 343 3- 
C. 6a Box 1,7P: 5 1, Q,,, t vs 02, EV = (1S, 1L) .............. 344 
C-6b Box 1, ip 1, (La vs 02 , EV = 
(1S, 1L) .............. 345 
C. 7a Box 2,0 (1,1,3) , (ý, d vs 02, 
EV = (1S, 1L) .......... 346 3 
C. 7b Box 2, ip (1,1,3) , 
C2,,,, t vs 
02, EV = (2L, 3L) .......... 347 3 
C. 7c Box 2, (1,1,3) , 
Qd 
vs 02 , EV = (4L, 8L) .......... 348 3 
C. 8a Box 1,02: 5 1, ýj vso , EV = 
(1S, 1L) ............... 349 3 
C-8b Box 1,02 ý: .1, Ci vs tP, EV = (1S, 1L) ............... 350 3 
C. 9a Box 1,02: 5 1, Yj vs 7P, EV = (1S, 1L) ............... 351 3 
C. 9b Box 1,02 .1, ýj' vs tP , EV = 
(1S, 1L) ............... 352 3 
C. 10a Box 1, ý2 5' ,Q.. d vs 0, EV = 
(1S, 1L) .............. 353 3 
C. 10b Box 1,02 .1, (jo vs 0, EV = (1S, 1L) .............. 354 3 
C. 11a Box 2, tP = (1,1,3) , ýj vs A*IH2,02 = 
(0,61) 
.......... 355 3 
C. 11b Box 2, iP = Q, 1,3) , ýj vs A*III2,02 = (1,1) .......... 356 332 
C. 11c Box 2, ip = (1,1,3) , ýj vs A*IH2,02 = 
(?, §) 
.......... 357 336 
2 (0,1 C. 12a Box 2,0 = (1,1,3) , gi'vs A*1H , 
02 = 6) .......... 358 3 
C. 12b Box 2,7P = Q, 1,3) , §i'vs AOIH2,02 =Q 33 2) 3,59 
C. 12c Box 2,7P = (1,1,3) , Yj vs A*II12,02 = (2,5) .......... 360 336 
C. 13a Box 2, ip = (1,1,3) , iQc,. t vs A*IH2 , (ý2 
(0,1) 
......... 361 36 
C. 13b Bccx 2, (. 1,1,3) , vs A*IH2,1) ......... 362 32 
(13,2 
C. 13c Box 2, ip (51,1,3) , 
Q,,,, 
t vs A*/H2,, 02 (2, ý) 336......... 363 
14 
List of Figures 
C. 14a 
C. 14b 
C. 14c 
C. 15a 
C. 15b 
C. 15c 
C. 16a 
C. 16b 
C. 16c 
C. 17a 
C-17b 
C. 17c 
C. 18a 
C. 18b 
C. 18c 
C. 19 
C. 20 
C. 21 
C. 22 
C. 23 
C. 24 
C. 25 
C. 26 
C. 27a 
C. 27b 
C. 28a 
C. 28b 
C. 29a 
C. 29b 
C. 30a 
C. 30b 
C. 31a 
C, 31 b 
C. 32a 
C. 32b 
Box 2, gb = (3, 
Box 2,0= (51 33 
Box 2, (15 
Box 2 1 
(31 
Box 2,0= (131 
Box 2,0 = (3'1 
Box 2 (31 31 
Box 2 1 
'0 = (V 
Box 2 
Box 2 1 
(31 
Box 2 (51 33 
Box 2 V) (319 
Box 1 and Box 2 V) 1 Ci VS 102 , EV = 
(1S, 1L, 2L) ....... 376 
Box 1 and Box 21 §il vs 02 , EV = 
(1S, 1L) ......... 
377 
Box 1 and Box 21 (§'i, C2,,,, t) vs 02 , EV = 
(1S, 1L) ..... 
378 
Box 2, (1: 3,2: 2,3: 1) ,& vs 04 , EV = 
(1S, 1L) ......... 379 
Box 2, (1: 3,2: 2,3: 1) , §i' vs 04 , EV = 
(1S, 1L) ......... 380 
Box 2, (1: 3,2: 2,3: 1) , (ý,,. t vs 04 , EV = 
(1S, 1L) ....... 381 
Box 2, (0, (1,1,3) 1 Ci VS 
(02s 04) , EV = 
(1S, 1L) ..... 382 3 
Box 2, (0, (1,1,3) 9 
§if VS (02o 04) , EV = (1S, 1L) ..... 383 3 
Box 2, (0, (1,1,3) , (ýout VS 
(021 04) 
, EV = (1S, 1L) .... 384 3 
Box 2, (1,1,3) , g, vs 
(02,04) 
, EV = (1S, 1L) ..... 385 3 
Box 2, (0, (1,1,3) 1 Qout VS 
(021 104) , EV = (1S, 1L) .... 386 3 
Box 2) 04: 5 Ci vs EV = (1S, 1L) ............... 387 3 
Box 2,04 ý: 1, Ci vs EV = (1S, 1L) ............... 388 3 
Box 2,04: 5 1, §i' vs EV (1S, 1L) ............... 389 3 
Box 27 04 vs ;b, EV (1S, 1L) ............... 390 3 
Box 2,04: 5 1, (ýout vs EV = (1S, 1L) .............. 391 3 
Box 21 04 11 ýout vs EV = (1S, 1L) .............. 392 3 
Box 29 (021 04): 5 11& vs (0, EV = (1S, 1L) ......... 393 3 
Box 21 (021 04) ý: 1, Ci vs (0, EV = (1S, 1L) ......... 394 3 
Box 21 (02) 04) '5 11 §il vs (; b, EV = (1S, 1L) ......... 395 3 
Box 2ý (021 04) ý! I, §i' vs (ip, ý) , EV = (1S, 1L) ......... 396 3 
Box 2) (02) 04) !51) (ýout vs (0, EV = (1S, 1L) ........ 397 3 
Box 2, (02,04): 'ý! 1, ý)out vs (0, EV = (1S, 1L) ........ 398 3 
1,3) ýi VS 02 , EV = 
(1S, 1L) Plume Plate ... 364 
1,3) VS 02 , EV = 
(2L, 3L) Plume Plate ... 365 
1,3) VS 02 , EV - 
(4L, 8L) Plume Plate ... 366 
1,3) , Ci vs 02 , 
EV = (1S, 1L) Vis. technique 367 
1,3) & VS 02 1 EV = 
(2L, 3L) Vis. technique 368 
1,3) Ci VS 02 , EV = 
(4L, 8L) Vis. technique 369 
1,3) , §j' vs 02 , 
EV = (1S, 1L) Vis. technique 370 
1,3) , §j' vs 02 , 
EV = (2L, 3L) Vis. technique . 371 
1,3) 7 gi VS 02 , 
EV = (4L, 8L) Vis. technique 372 
1,3) 1 
ýout VS 02 , 
EV = (1S, 1L) Vis. technique 373 
1,3) 1 
C2out VS 02 , EV = 
(2L, 3L) Vis. technique 374 
1,3) , (ý. t vs 
02 , EV = 
(4L, 8L) Vis. technique 375 
15 
List of Figures 
C. 33a Box 2, V) =M (ýj, §i', Q,,, t) vs 04 , EV = 
(1S, 1L) ........ 
399 
C. 33b Box 2, =M (Cil §ilt (Lt) VS 04, EV = (2L, 3L) ........ 400 
C. 33c Box 2, =M, (Ci, §i', C2,, ut) vs 04 , 
EV = (4L, 8L) ........ 401 
C. 34a Box 2, M, ý),,, t) vs A*IH2 , 
04 = (0, g, ) ........ 402 
C. 34b Box 2, M, (ý,, t) vs A*IH2 7 
04 = (11 
1) 
........ 403 32 
225 C. 34c Box 2M, (6j, ýj', C2,, ýt) vs A*1H 1 
04 = (39 ........ 404 
C. 35a Box 2, ip I and MI 
(Cil ýij Iýout) VS (021 04) , EV = 
(1S, 1L)405 
C. 35b Box 2,0=1 and ý=MI (Ci) ýjlj Qout) vs 
(02,04) 
, EV = 
(2L, 3L)406 
C. 35c Box 2,0=1 and M, (ýi, ýj', 
Qout) VS (021 04) , EV = 
(4L, 8L)407 
C. 36 a Box 2, iP =1 and M, (ýj, §jI, Qout) vs A*IH2 9 
02 = (0) . 408 
C. 36b Box 290=1 and M, (Ci, §j', Oout) vs A*IH2 1 
02 = (11 409 
1 02 = . 
410 C. 36c Box 290=1 and M, (Ci, §j', Oout) vs A*IH2 
C. 37 Box 2, ý= (2: 2, M) , (Ci, §jI, 
Qout) vs 04 , EV = 
(1S, 1L) ... 411 
D-1 All Souls church : Photographs .................... 
413 
D. 2 All Souls church : Schematic of interior ................ 
414 
D. 3 All Souls church : Schematic of model ................. 414 
16 
List of Tables 
2.1 Occupancy layouts in auditoria ..................... 39 
2.2 References to occupancy layout models ................. 42 
2.3 Extent of current knowledge of airflows in auditoria .......... 57 
2.4 Scope of research herein ......................... 63 
2.5 Contribution of research herein ..................... 63 
3.1 Box 1 and Box 2: Properties ...................... 66 
3.2 Dynamical similarity: Key parameters ................. 85 
3.3 Box 1,2 sources : Opening areas .................... 89 
3.4 Box 1,2 sources : Source conditions (primary experiments) ..... go 
3.5 Box 1,2 sources : Source conditions (additional experiments) .... 91 
3.6 Box 2,2 sources : Opening areas .................... 92 
3.7 Box 22 sources : Source conditions .................. 93 
3.8 Box 24 sources : Opening areas .................... 93 
3.9 Box 24 sources : Source conditions .................. 94 
5.1 Errors : Interface heights ......................... 132 
5.2 Errors : Layer reduced gravities ..................... 134 
5.3 Errors : Key flow parameters ...................... 136 
6.1 1, EV = 1S: Map of 0 ý202 ý: 
ý6 
*, *, ********...... 139 
6.2 1, EV = 1S : Key results for 0 ý! 02 ý: 
5 143 6 
6.3 02 = 0, EV = 1S: Map of 11 4.................. 145 4- 
6.4 02 =0, EV = 1S Key results for ip 4............. 148 4- 
6.5 Q1,4) EV 1S : Map of 0 02 149 46 
6.6 V) = Z' , EV = 1S Key results for 0> 
02 ý! 153 46 
6.7 0=4, EV = 1S Key results for 0 ý! 02 
ýr 
.............. 156 
6.8 02 = (1,2) EV = 1S Map of 1>0ý! 4............... 157 334- 
6.9 02 = (1,2) EV = 1S Key results for 1 >, 0 >4........... 161 334- 
6.10 0=1, EV=1S: MapOf02=Q, 1) ................. 163 62 
6.11 0=1, EV = 1S: Map Of 02 =0.................... 171 
6.12 0=1,02 = 0: Map of 1S ý: EV > 8L ................. 173 
6.13 0=1,02 =0: Key results for 0.01 > A*IH2 > 0.15 ......... 176 
17 
List of Tables 
2) : Map of 1S > EV ý! 8L .............. 177 6.14 IP 
1 02 (13 
73 
6.15 IP 1 02 (19 2) : Key results for 0.01 ý! A*1H 
2>0.15 
...... 181 33 
6.16 1 EV = (1S, 1L, 3L, 8L) : Map Of 0': 2! 02 ý: 
§6 
.... 182 
6.17 V) 1 02 =1: Map of EV = (1S7 1L) ................. 
186 
7.1 ý 2: 2 , 
EV = 1S : Map of 0 ý: 04 > 532 '****'*******.... 
194 
7.2 2: 2 , EV = 1S : 
Key results for 0 ý: 04 ý: ý2 ...... . 198 3**.. 
7.3 04 = EV = 1S : Map of 1: 3 >ý>3: 1 ................ 
200 
7.4 04 = EV = 1S : Key results for 1: 3 ý: 
ý ý! 3: 1 ........... 
203 
7.5 (1: 3,3: 1) , 
EV = 1S : Map of 0 ý! 04 ý! 
23 
*,,, *,,,,,, *, 
204 
7.6 (1: 3,3: 1) , 
EV = 1S : Key results for 0> 04 ý: 23 *, **, *... 
208 
7.7 ý=M, EV=1S: MapofOý! 04>g5 .... 209 6 
7.8 M, EV = 1S : Key results for 0> 04 > ;5 213 6 
7.9 M 04 ý0: Map of 1S > EV > 8L ................ 214 
7.10 M 04 "0: Key results for 0.01 > A*1H 
2>0.15 
........ 218 
7.11 M 04 ý (11 2) : Map of 1S > EV > 8L .............. 219 33 
7.12 M 04 = (1,2) : Key results for 0.01 > A*1H 
2>0.15 
...... 224 33 
B. 1 Appendix B contents ........................... 
283 
C. 1 Appendix C symbols ........................... 
328 
C. 2 Appendix C colours ............................ 
329 
C. 3 Appendix C contents for 2 sources .................... 331 
CA Appendix C contents for 4 sources .................... 
332 
18 
Nomenclature 
Englisb 
A, Area of source (cm 2) 
A* Effective opening area of all vents (cm, 2) 
Aj*, Effective opening area of entry vents (co) in 
A:. t Effective opening area of exit vent(s) 
(cm2) 
ain Opening area of entry vents (CM2) 
a,,,, t Opening area of exit vent(s) 
(CM2) 
Bi Buoyancy flux of Plume i (CM4/S3) 
Bi' Reduced buoyancy flux of Plume i (CM4/S3) 
bij Radius of Plume i at location j (cm) 
C Plume constant (= ýa(-2-a) 
1/3 Ir 2/3) 5 10 
CD Concentration of dye in source solution (g/cm3) 
Cd Discharge coefficient in previous research 
Cin Discharge coefficient at entry vents 
cout Discharge coefficient at exit vent(s) 
CP Specific heat capacity (J/g/K) 
D Diamleter of a buoyancy source or vent (cm) 
Dc,,,,, Horizontal distance from camera to front face of box (cm) 
D,, ut Diameter of an exit vent 
(cm) 
di Depth of Layer i (cm) 
di, Critical depth of Layer i, (cm) 
dp Depth of parallax band (cm) 
EV Number and size of exit vents (e. g. EV = 1S) 
Frij Froude number of Plume i at location j 
Frc Critical Froude number 
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Nomenclature 
Fr,,. t Froude number at an exit vent 
Gi'j Reduced gravity of Plume i at location j 
(cm3/s) 
9 Acceleration due to gravity (CM/S2) 
g, Reduced gravity of a fluid parcel (cm/s 2) 
YO Reference reduced gravity 
(taken to be the reduced gravity of Layer 0) (cm/s 
2) 
qj Reduced gravity of Layer i (CM/S2) 
Y,,,, t Reduced gravity of outflow at exit vent(s) (cm/s 
2) 
g"X Reduced gravity of a parcel of fluid at pixel row x (cm/s 2) 
ýj' Dimensionless reduced gravity of Layer i 
H Vertical distance between entry and exit vents (and height of box) (cm) 
Raud Height of auditorium (cm) 
hi Height of Interface i (cm) 
hpp Height of Plume Plate (cm) 
I Normalised intensity of pixel (0 <I< 255) 
10 Normalised pixel intensity before start of experiment 
IBC Background-corrected pixel intensity (= I110) 
i Reference number of source, plume, layer or interface 
i Fractional density to concentration ratio (= p'ICD) (CM3/g) 
Plume location reference 
(0 = source, i= Interface i, H= ceiling, [blank] = general) 
KB Constant used by Baines (1975) 
KC Constant used by Clancy (2000) 
(cm3/s) 
KD Dye calibration constant (g/cm 
3) 
Kd 'Dipping' constant 
KF Flow meter calibration constant 
ki Elevation of Source i (cm) 
ki, Critical elevation of Source i (cm) 
L Shorthand for 'Large' exit vent (e. g. 2L denotes 2 Large exit vents) 
Lbý.,, Length of box (cm) 
M Indicator of sources at multiple elevations (when used as ?p= M) 
Mij Momentum flux of Plume i at location j (cm 4A 2) 
M Number of high-level sources 
n Number of low-level sources 
PO Reference pressure (g/CM/S2) 
P, Pressure acting on a fluid parcel (g/cm/s2) 
Pi" Pressure acting on a fluid parcel at entry vents (g/CM/S2) 
Pi", Pressure acting on a fluid parcel upstream from entry vents (g/cm/s 2) 
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Nomenclature 
P,,,, t Pressure acting on a fluid parcel at exit vent(s) (g/cm/sl) 
P,,,, tl Pressure acting on a fluid paxcel upstream from exit vent(s) (g/cm/s 2) 
Pe Peclet number 
Qij Volume flux of Plume i at location i (cm'/s) 
Qf.. Volume flux at Source i as measured by the flow meter (cm 3 /s) 
Qj. Volume flow rate through entry vents (CM3/S) 
Q. t Volume flow rate through exit vent(s) 
(cm3/s) 
Q* Volume flux of entrainment as a result of Plume 1 impinging on 
Interface 2 (cm, 3/S) 
ýOut Dimensionless volume flow rate through exit vent(s) 
R Ratio of opening areas (= aout/ai,, ) 
R2 Goodness of fit 
Ra Rayleigh number 
Re Reynolds number 
Reout Reynolds number at exit vent(s) 
S Shorthand for 'Small' exit vent (e. g. 1S denotes 1 Small exit vent) 
Sbax Floor area of box (cm2) 
Saud Floor axea of auditorium (cm 2) 
To Reference temperature (K) 
Tj Temperature of Layer i (K) 
t Time from start of experiment (s) 
td Time to drain box (s) 
texp Running time of experiment (s) 
tf Time to fill box (s) 
tas Time to steady state (s) 
tT Time to fill large tank (s) 
U Flow velocity at a buoyancy source or through a vent (cm/s) 
Uj,, Flow velocity through entry vents (cm/s) 
Ui,,, Flow velocity upstream from entry vents (cm/s) 
U,, Ut Flow velocity through exit vent(s) (cm/s) 
U,, Utl Flow velocity upstream from exit vent(s) (cm/s) 
V An example variable 
W Power output (W) 
Wij Vertical velocity of Plume i at location j (cm/s) 
X Pixel counter 
Y Number of pixels in a vertical column 
z Vertical distance from a reference point (cm) 
Zi(.,,. ) Distance of asymptotic virtual source from Source i (cm) 
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Nomenclature 
Greek 
a Coefficient of turbulent entrainment for a top-hat plume 0.117) 
r, Source parameter of Plume i 
rl., Outflow parameter at the exit vent(s) 
ly Constant 
AV Error associated with variable v 
Jz Height of one pixel (cm) 
E)i Summation of scaled source parameters of Plume i 
0 Camera viewing angle (") 
K Molecular diffusivity (cm2/s) 
A Ratio of draining and filling times for a box (= tdltf) 
V Kinematic viscosity (cm2/s) 
& Dimensionless height of Interface i hiIH) 
P Density of a fluid parcel (g/CM3) 
P, Fractional density of a fluid parcel (p - po)lpo) 
PO Reference density (i. e. the density of Layer 0) (g/CM3) 
A Density of Layer i (g/CM3) 
PZ Density of a plume at a vertical distance z from the source (g/CM3) 
(Dj Scaled source parameter of Plume i (= (I'i - 1)/ri) 
Oi Dimensionless elevation of Source i 
Dimensionless critical elevation of Source i 
Strength ratio of Sources 1 and 2 (= B11B2) 
Critical source strength ratio 
Distribution ratio of sources 
(= n: m or n/m, or M for sources at multiple elevations) 
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CHAPTERI 
Introduction 
Have you ever sat in a lecture and found yourself dozing off ..? If not, then it is 
likely you have observed someone who has. What are the reasons people fall asleep 
during talks? Students generally blame the dullness of the speaker's communication, 
whereas speakers generally blame students for being more interested in their night 
life than their studies. While there may be truth in these claims, what is often 
overlooked is the fact that the environmental conditions inside a lecture theatre 
affect the alertness of occupants. 
The provision of effective ventilation for lecture theatres is key to creating a 
productive learning environment, however, there is currently only a limited unders- 
tanding of the complexities associated with ventilating lecture theatres. The need for 
greater knowledge in this area has provided the motivation for the research herein. 
The results have direct implications for the effectiveness of education in institutions 
that use lectures as a primary teaching forum. 
Lecture theatres are a type of auditorium, in which occupants are situated at 
different elevations, figure 1.1. Other examples include cinemas, theatres and places 
of worship, and it is the intention of the author to present research that has broad 
applications to all types of auditoria. For this reason, the discussion is generalised 
to auditoria, not solely lecture theatres. 
When considering the ventilation of an auditorium, the following questions re- 
quire an answer: 
" What are the key geometric and flow parameters that influence the airflows 
within an auditorium? 
" How do these airflows behave? 
" What is the best way to ventilate the space? 
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Figure LI: An auditorium with seating at different elevations. 
The aiin of the research herein is to answer the above questions. This has been 
achieved by identifying the different geometries, occupancy layouts and ventilation 
conditions within auditoria using laboratory and theoretical models to observe. des- 
cribe and predict the flows that are driven, and applying the findings to guide the 
design of auditoria. 
Before embarking on a research programme, however, it is informative to esta- 
blish the context in which the research is carried out and in which the results are 
intended to be applied. This helps to establish aims and boundaries for the work 
and ensures that the results are relevant and useful. For the ventilation of audito- 
ria, and the ventilation of buildings in general, the context is environmental, both 
locally and globally. This is discussed in section 1.1 and leads into a declaration of 
the main aim and objectives of the research herein in section 1.2. This is followed 
by a description of the layout of the research in section 1.3. 
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1.1 Environmental context 
Building ventilation systems impact on the environment in two ways. Locally, they 
affect the air quality in the immediate vicinity of occupants by controlling the inflow 
and outflow of air. Globally, they impact on the external environment on the scale 
of a neighbourhood, country and planet by emitting pollutants into the atmosphere. 
The design aims of ventilation systems are, therefore, shaped by the local airflow 
requirements and global restrictions on emissions. 
1.1.1 Local environment 
On a local scale, building ventilation systems aim to achieve standards of indoor air 
quality that satisfy the health requirements of occupants and adhere to national and 
international regulations. The consequences of failing to do so range from reduced 
productivity to the transmission of fatal diseases. 
Inadequate ventilation has been cited as one of the causes of Sick Building Syn- 
drome (SBS), USEPA (1991). This common condition is manifested by occupants 
experiencing acute health and comfort effects that appear to be linked to the time 
spent in a building, but where no specific illness or cause can be identified. In most 
cases, relief is experienced soon after leaving the building. The solutions to SBS sug- 
gested by the United States Environment Protection Agency include the removal of 
sources of pollution, increasing ventilation rates and air cleaning, USEPA (1991). 
Effective ventilation, therefore, plays a key role in minimising the occurrence of Sick 
Building Syndrome in auditoria. 
Some types of ventilation systems have also been associated with outbreaks of 
serious conditions such as Legionnaire's disease, a type of pneumonia. This disease 
is transmitted by the inhalation of small droplets of water suspended in the air 
which contain the Legionella bacterium, and has been linked to installations such as 
cooling towers and evaporative condensers, which can spread droplets of water over 
a wide area, HSE (2000). These installations are found as part of air conditioning 
and industrial cooling systems. Therefore, in the interests of occupant health, it is 
preferable to implement ventilation strategies that do not use these systems. 
Current building guidelines recommend a ventilation rate of 8 Ils per person, 
of fresh, outdoor-quality air, CIBSE (2005b). Therefore, ventilation systems in 
auditoria ought to introduce clean outdoor air, avoid the recirculation of stale indoor 
air and maintain the minimum ventilation rate whilst the auditorium is occupied. 
This minimises the risks to occupants and creates a healthy working environment. 
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1.1.2 Global environment 
On a global scale, levels of energy consumption and pollutant emissions from buil- 
dings worldwide have come under close scrutiny in recent years, as research continues 
to show a correlation between these and the increasingly perceptible climate change 
that is occurring axound the globe. It is estimated that levels of carbon dioxide 
in the atmosphere, thought to be one of the main causes of climate change, have 
risen by more than a third since the industrial revolution and are now rising faster 
than ever before, DTI (2003). The Kyoto Protocol set legally binding targets for 
developed countries to reduce greenhouse gas emissions by around 5% of 1990 levels 
in the period 2008-2012, which is presently projected to result in an actual reduction 
of just 2%. In 2003 the UK government set out its ambition to meet its own Kyoto 
Protocol commitments, to reduce carbon dioxide emissions by 60% from 2003 levels 
by 2050, and to secure international commitment to do the same. 
The Energy White Paper, published in 2003 by the UK Department for Trade 
and Industry, DTI (2003), suggested that 25% of the UK emissions target for 2020 is 
achievable by improving energy efficiency in households, and another 25% in indus- 
try, commerce and the public sector. Improved insulation, heating and ventilation 
were highlighted as contributors to energy savings, through the implementation of 
higher building standards and the use of innovative technology. The ventilation of 
auditoria, therefore, has a paxt to play in achieving these targets. 
In light of the increasing global environmental concerns and national emissions 
taxgets, it is desirable to avoid the use of air conditioning where possible, because 
air conditioners are high energy consumers and high carbon dioxide emitters. In 
addition, the design of an auditorium ventilation system ideally ought to minimise 
the amount of energy used to drive airflows through the space. 
1.1.3 Ventilation types 
Building ventilation is categorised into three groups: natural, mechanical and hybrid 
ventilation, Linden (1999). Natural ventilation systems consume the least energy 
and output zero carbon dioxide, by utilising naturally occurring temperature varia- 
tions and wind pressure variations to drive an airflow through a building. In general, 
these systems rely on the inflow of air directly from the exterior environment, the- 
reby, providing a supply of fresh outdoor air, as recommended by CIBSE design 
guidelines. 
Mechanical ventilation systems force air through an enclosure using fans and 
other devices which may, or may not, include air conditioning for modifying air qua- 
lity. The machinery requires energy input and, if the design of the system includes 
air cooling or recirculation, the resulting airflows can be detrimental to the health 
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of occupants. 
Hybrid ventilation systems use some of the principles of natural ventilation, aided 
by mechanical components, to achieve the desired airflows and interior conditions, 
and offer a level of perceived control over the local environment. 
Out of the three categories, only natural ventilation systems fully satisfy the re- 
quirements of the global environment, namely the minimising of energy consumption 
and carbon dioxide emissions. If designed and controlled correctly, these systems 
also meet the requirements of the local environment by providing a supply of fresh, 
outdoor air to the interior of a building. For these reasons, the research heTein 
focuses on the ventilation of auditoria by natural means only. 
1.2 Main aim and objectives 
The main aim of the research herein is to increase the level of understanding of 
airflows in naturally ventilated auditoria. The specific objectives are to: 
" Review previous research that is relevant to the study of airflows in auditoria 
" Identify the extent of current knowledge 
" Identify the topics requiring further research 
" Define the scope of this research 
" Develop a strategy for studying airflows in naturally ventilated auditoria 
" Execute a programme of laboratory experiments 
" Extract and interpret qualitative and quantitative results from the experiments 
" Describe the physics of the observed airflows 
" Produce theoretical models for predicting airflows in auditoria 
" Summarise the key results and discuss their implications 
" Apply the results to the design of naturally ventilated auditoria 
The objectives are fulfilled within the chapter structure described in the following 
section. 
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1.3 Layout 
The research herein is laid out as follows. Chapter 2 reviews previous studies of 
airflows in auditoria and other pertinent literature. The extent of current unders- 
tanding is identified and a strategy is proposed for researching areas in which there 
is a lack of knowledge. The strategy involves the physical observation of airflows 
using small-scale laboratory models, and the theoretical prediction of flows using a 
mathematical model. 
Chapter 3 describes and justifies the methodology adopted for modelling air- 
flows in naturally ventilated auditoria at small scale. The experimental setup, flow 
visualisation techniques and data acquisition procedures are described, and an ex- 
perimental plan is presented. 
The discussion of results begins in chapter 4, which establishes a labelling conven- 
tion, identifies the different flow regimes and performs a visual analysis of the ex- 
periments. The flow features focused on in this chapter include the time scales to 
reach steady state, the key features of transient flows, the effects of hysteresis on 
steady flows and the results of changing the absolute strengths of sources. 
Chapter 5 continues the discussion by applying theoretical models from previous 
research to the analysis of experimental results. This includes experimental verifica- 
tion of the plume equations and a detailed study of the flows at the exit ventilation 
openings. The chapter closes with a quantification of the errors associated with 
experimental results. 
Chapter 6 presents an investigation of the flows driven by two equal and then 
unequal localised sources at different elevations. The analysis includes a study of 
interface heights, layer densities and ventilation flow rates, and their relationships 
with source strength ratio, source elevation and ventilation opening areas. A compa- 
rison is also made between the shadowgraph and light-attenuation techniques, and 
between two model enclosures of different dimensions. 
Chapter 7 presents an investigation of the flows driven by four equal sources at 
two elevations and at multiple elevations. 
In chapter 8a mathematical model is developed that predicts the heights of 
the interfaces observed during the experiments described in chapters 4 to 7. The 
predictions of this model are compared with experimental data. 
Chapter 9 concludes the research by summarising the outcomes, considering 
the implications for the design of auditoria, applying the findings to an example 
auditorium, discussing the limitations of the study and highlighting areas in need 
of further work. 
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Research context and strategy 
2.1 Introduction 
The aims of this chapter are to identify the extent of current understanding of air- 
flows in naturally ventilated auditoria, identify the areas in which there is a lack 
of knowledge and propose a strategy for addressing the gaps in research. This is 
achieved by identifying and categorising the various types of airflows in naturally 
ventilated auditoria, reviewing the pertinent literature within each category, tabu- 
lating the results and thereby highlighting the areas requiring further research. The 
results of this process shape the strategy for the research herein. 
The chapter begins with a summary of the complexities associated with resear- 
ching airflows in auditoria, in section 2.2. This is followed by a review of airflow 
studies carried out in full-scale auditoria, section 2.3, and a discussion of current 
design guidelines for naturally ventilated enclosures, which include auditoria, in 
section 2.4. The conclusions from sections 2.3 and 2.4 lead to the formulation of a 
systematic approach to the research in section 2.5, focusing on small-scale modelling 
of natural ventilation. The extent of current knowledge is identified by reviewing 
the pertinent literature in section 2.8, and specific topics for further research are 
highlighted. Studies carried out using large-scale models are reviewed and discussed 
in section 2.9. Finally, a strategy for 'filling' many of the gaps in current knowledge 
is proposed in section 2.10. 
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2.2 Airflow studies in auditoria 
Auditoria vary in complexity, both in terms of design geometry and occupancy pat- 
terns. In general, the bulk of heat gains in auditoria result from the occupants, 
who are generally seated at different elevations, on sloped or stepped floors. More 
complex auditorium designs include galleries, either instead of, or together with, 
sloped floors. The positioning of occupants within auditoria is, therefore, substan- 
tially different from that in other enclosures, creating unique heating conditions and 
driving airflows that axe more complex than those driven by sources located on a 
single level. 
The design of auditoria has a significant bearing on their ventilation properties 
and requirements. For example, auditoria with high ceilings create a 'buffer' or 
greservoir effect', which is characterised by a delay in warm, polluted air reaching 
occupants, because it first fills the space beneath the ceiling. In other cases, high- 
level seating is closer to the ceiling than in other enclosures, placing greater demands 
on ventilation systems to maintain comfortable conditions in elevated areas. 
The occupancy patterns of auditoria determine the time scales within which 
natural ventilation systems need to be effective. For example, the airflows in theatres 
with long performances may reach steady conditions and require natural ventilation 
systems to be designed for these conditions. Lecture theatres, on the other hand, 
may be occupied for under an hour at a time, during which steady ventilation 
conditions may not be reached at all, making transient airflows a more important 
consideration. 
It is in the context of the above considerations and complexities that the research 
herein is carried out. 
2.3 Full-scale studies 
To date, only a handful of studies have been carried out to measure or predict the 
airflows in naturally ventilated auditoria. 
Quincey et aL (1997) described the designs of assisted natural ventilation systems 
for two theatres in the UK, and analysed the airflows within using Computational 
Fluid Dynamics (CFD). The first was the Bedales School theatre in rural Hampshire, 
seating an audience of 270 within a 15.5 m high wooden construction with sloping 
roofs, figure 2.1a. The ventilation is driven primarily by temperature differences 
between warm and cool air within the building. The body heat of occupants warms 
the air around them, which rises and mixes with the surrounding air, accumulates 
beneath the ceiling and exits through high-level vents. This confines the warm, 
polluted air to a region above the occupants and drives a flow of cool external air 
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Figure 2.1: Schematics of (a) Bedales School theatre in Hampshire and (b) one of the 
naturally ventilated lecture theatres in the Queens Building at De Montfort University. 
Leicester, UK. Arrows denote the intended direction of ventilation airflows. Blue arrows 
indicate cool air inflowing from the exterior of each theatre, and red arrows warm air 
outflowing from the interior. Schematics adapted from CIBSE (2005a) pp. 28 and 30. 
into the building through low-level vents. The ventilation process is known as the 
stack effect and is aided, during high thermal loading of the theatre, by a slow 
speed fan at the apex of the ceiling, also used for for cooling the auditorium at 
night. Quincey et al. (1997) showed that a CFD analysis of the structure predicted 
a strongly stratified interior, consisting of a2 'C temperature rise from floor level to 
the top of the occupied zone (6 m above floor level), and a much sharper temperature 
gradient above this height. 
The second case studied by Quincey et al. (1997) was the Contact Theatre located 
on the campus of Manchester University, seating 380 people and requiring strict 
noise insulation at its location next to a busy road. In this theatre, air is driven 
by displacement through vents located in the floor and 5 stack vents, each with a 
total stack height of 20.5 m, aided, as in the first example, by slow speed fans when 
required. A CFD analysis, under full occupancy conditions, predicted a strong 
vertical stratification, characterised by an increase in temperature of 3 'C within 
the occupied zone (0 to 7 in above floor level), and a sharper rise in temperatures 
above this, up to the level of the exit vents. The analysis also predicted that the 
temperature of the occupied zone was only marginally affected by stage lighting 
located at high level. 
In both theatres, Quincey et al. (1997) described how airflows are controlled by 
adjusting vent openings and fan speeds, according to real-time temperature, C02 
and flow velocity measurements, taken below seats close to the entry vents. The 
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effects of external wind on flow velocities were found to be significant in some cases, 
therefore, the designs of entry and exit vents included wind shields. It was also 
suggested that opening sizes for entry and exit vents of 5% of the floor area provide 
a reasonable starting point during the early design stages for naturally ventilated 
buildings. Preliminary calculations for the two theatres divided the spaces into hori- 
zontal layers and used CIBSE admittance procedure A8, CIBSE (1986), to estimate 
the stratifications from the heat gains in each layer. The predicted temperatures, 
however, depended on the prescribed layer divisions, which presupposed the forma- 
tion of horizontal stratifications at the chosen heights. Crucially, the CFD modelling 
failed to show the inter-relations between parameters such as source strengths and 
positions, ventilation opening areas and the heights of interfaces between layers. 
Despite these assumptions and limitations, no other method was provided for esti- 
mating the heights at which layer interfaces would form. 
Three years later, Clancy (2000) used a basic mathematical model to predict the 
ventilation rates and temperatures inside a naturally ventilated lecture theatre wi- 
thin the Queens Building at De Montfort University, Leicester, UK. The model was 
developed using measurements taken in an earlier study of the same premises, des- 
cribed in Clancy et al. (1996), which showed that thermally comfortable conditions 
and adequate ventilation rates could be achieved for a range of external weather 
conditions. 
The Queens Building was designed to be Europe's laxgest naturally ventilated 
building when opened in 1993. Its two lecture theatres each seat 150 occupants 
and contain natural ventilation systems consisting of air vents beneath the seating, 
through which cool external air enters the theatre. Interior air exits the theatre 
through laxge vertical openings in a side wall and two vertical stacks, figure 2.1b. 
Glazed vents connect the stacks with the exterior environment at high level. The 
stacks are equipped with back-up ventilation fans to assist the ventilation flow if 
the airflow rates are insufficient to achieve comfortable conditions, with respect to 
C02 concentration, inside the theatre. The entry and exit vent opening areas can 
be varied according to the ventilation requirements and the vents are shut when the 
building is not in use, Fordham (2000). 
Clancy (2000) used the steady Bernoulli equation, Douglas et al. (2001) p. 142, 
to predict the flow rate, Qýýt, driven by a pressure difference, (Pi - Po), across an 
exit vent of area a,,, t. Unsurprisingly, this gave 
Qýt .. -= c,,, ta,,,, t 
2 (Pi - Po) 
1/2 
Pi I 
(2.1) 
where p, is the density of the fluid and c,,. t is a discharge coefficient accounting for 
turbulent dissipation and the contraction of the flow downstream from the opening. 
Pi 
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The expression (2.1) was first derived by Torricelli, Batchelor (1967) p. 388, and is 
used in CIBSE (1986) and CIBSE (2005a) for the calculation of flow rates inside 
single-celled, naturally ventilated non-domestic buildings. 
Assuming that air behaves as an ideal gas, a density difference, (p, - po), scaled 
on po, is approximately equal to a temperature difference, (TI - To), scaled on To, 
i. e. 
pi-po - 
Tl- To (2.2) 
po To 
Assuming a uniform temperature inside and outside the lecture theatre, Clancy 
(2000) expressed (2.1) in terms of the internal temperature, TI, the external tempe- 
rature, To, and the height difference between the entry and exit vents, H, giving 
cta,,, t 2gH 
T, - TO 
1/2 
TO 
) 
(2.3) 
where g is the acceleration due to gravity. By plotting internal and external tem- 
perature differences against measured flow rates, Clancy (2000) estimated the value 
of a constant, KC = cý. ta,,,, tVr2_g_ff, for three different exit vent opening areas. He 
then produced a general empirical formula for estimating the flow rates through 
any opening area. The flow rates for a number of environmental and ventilation 
conditions were then predicted and compared with measurements. - 
Airflow rates were predicted to within approximately 12% of measurements when 
the temperature difference between the interior and exterior was of the order of 10 'C 
at a wind speed of about 3 m/s. This raised questions about the effectiveness of (2.3) 
in predicting ventilation flow rates. It was found that, at temperature differences 
of below 2 'C, the wind induced pressure differences became dominant, however, 
(2.3) failed to account for any effects of wind. Additionally, only the area of the exit 
vents was considered in (2.3), thereby ignoring the relative areas of the entry and 
exit vents, which have been shown by Coffey & Hunt (2004b) to affect the interior 
stratification. In the second part of Clancy (2000), the internal temperatures due 
to heating from the heating system, and cooling due to natural ventilation, were 
predicted using similar empirical relationships. 
The approach of Clancy (2000) was, essentially, to use flow rate and tempera- 
ture measurements to deduce empirical constants for predicting flow rates for the 
very same temperature measurements. This was unimpressive and scientifically un- 
informative. Equation (2.3) did not account for anything other than temperature 
differences driving the flow and no relationship was established between the mea- 
sured internal temperatures and the magnitude and form of heat loading, whether 
from occupants or the heating system. The vertical temperature distributions were 
not measured, therefore, it was not known whether the interior was well-mixed or 
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stratified, and the physical significance of the constant, KC, was not investigated. 
The results of the study are useful for predicting the flow rates at a known reference 
temperature in the specific lecture theatre studied, but have little use outside of this 
context and shed no further light upon the fundamental fluid mechanics of natural 
ventilation. 
Cheong et al. (2003) conducted a full-scale thermal comfort study inside a lecture 
theatre in Singapore, occupied by approximately 100 students. Although the lecture 
theatre was air conditioned, which made results unsuitable for use in the study of 
naturally ventilated auditoria herein, the experimental method revealed many of the 
limitations associated with performing full-scale studies of airflows in auditoria. 
Cheong et al. (2003) took measurements of air temperature, air velocity, relative 
humidity and C02 concentrations at 20 locations within the lecture theatre, which 
were compared with the predictions of a CFD model, showing reasonable agree- 
ment. Measurements were taken for just four hours on two days, providing a small 
amount of data and useful only in checking the CFD model for this specific lecture 
theatre, under the environmental conditions that occurred on these two days. More 
importantly, the results did not reveal anything about the physical processes affec- 
ting the airflows, making this experimental method unsuitable for increasing the 
understanding of airflows in naturally ventilated auditoria. 
The above review of airflow studies in full-scale auditoria reveals the limited 
amount of data currently available, and the lack of information about the inter- 
relationships between various parameters, such as auditorium geometry, heat loa- 
ding, ventilation opening areas and vent positions. These studies have, at best, 
provided a means of estimating temperatures and flow rates in the specific lecture 
theatres studied, but axe of very limited use in predicting airflows in other auditoria. 
2.4 Building design guidelines 
Two key alms of any practical research are the increase of knowledge and the ap- 
plication of results for increasing the quality of life. In general, the broader the 
application and impact of the results, arguably, the more useful the research. In 
auditorium design, research that provides guidelines for the design of natural ven- 
tilation systems in a wide range of auditoria is, therefore, of greater value than the 
studies reviewed thus far. 
The Chartered Institution of Building Services Engineers (CIBSE) published an 
Applications Manual AM10 in 2005, CIBSE (2005a), providing guidelines for the 
design of naturally ventilated non-domestic buildings. It is a revised form of CIBSE 
Guide A, CIBSE (1986), used in the design calculations of Quincey et al. (1997) 
and Clancy (2000). Although the document provides a way of applying some of the 
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results of research in building design, the suggested methods contain approximations 
that result in unrealistic predictions of interior temperature distributions. 
The use of an envelope flow model, based on (2.1), is recommended by CIBSE 
(2005a) for the initial sizing of ventilation openings, once the interior heat loading 
and external environmental conditions have been established. The pressure diffe- 
rence between the interior and exterior is predicted by assuming a non-linear vertical 
temperature profile within the interior, consisting of a shallow temperature gradient 
above the floor and a steep gradient below the ceiling. The profiles are a function of 
the external temperature and the internal temperature at both floor level and the 
neutral level (the height at which the pressure inside the enclosure is the same as 
the pressure outside). CIBSE (2005a) claim that the temperatures and profiles axe 
chosen based on experience from other buildings, and guidance is given on which 
values to choose. 
A number of difficulties arise from the use of the method above. Firstly, inter- 
ior stratifications often do not follow the gradients suggested by CIBSE (2005a), as 
shown later in this chapter. Secondly, the geometry, location, heat loading and use of 
materials is generally unique between buildings, particularly those that are designed 
with innovative natural ventilation systems. This reduces the reliability of tempera- 
ture profiles based on practical experience. Thirdly, the method does not reveal the 
relationship between the temperature profile and the strengths, dimensions and po- 
sitions of sources, the sizes and locations of ventilation openings, and the geometry 
and thermal properties of the building. Accurately predicting temperature profiles 
inside individual buildings requires an understanding of the fundamental physics of 
how airflows axe driven, which CIBSE (2005a) does not provide. 
The literature reviewed up to this point has shown that both full-scale stu- 
dies and current building design guidelines have failed to provide a comprehensive 
understanding of airflows in auditoria. This highlights the need for a systematic 
approach to the research. 
2.5 Systematic approach to research 
The elements of knowledge required for a comprehensive understanding of natural 
auditorium ventilation are visualised in figure 2.2 as a series of four steps. Each 
step can only be completed if the preceding steps are first completed. Many studies 
have attempted to achieve, or contribute to, step four without establishing a grasp 
of steps one to three, as exemplified in section 2.3. This has led to much reseaxch 
being published in a haphazard way, resulting in confusion and uncertainty about 
the application of the results that are presented, and adding to a library of low-value 
studies that only muddy the waters of building ventilation research. By diligently 
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Figure 2.2: Steps required to achieve a comprehensive understanding of natural ventilation 
flows in auditoria. Once achieved, step 4 contributes towards a wider understanding of 
natural ventilation. 
and patiently following the four steps, time and money could potentially be saved, 
and high-quality research with broad applications produced. This may require in- 
dividual studies to be limited in scope to a smaller number of steps, but will create 
a solid foundation upon which further studies can build to achieve the aim of step 
four. 
Although few studies have specifically addressed the natural ventilation of au- 
ditoria, a large number of studies have investigated the fluid mechanics of natural 
ventilation in general, satisfying the requirements of research steps one to three. 
Some of these provide insight into airflows within auditoria and contribute to the 
completion of step four. The systematic study that follows identifies the relevant 
research and applies the results to the natural ventilation of auditoria. 
Firstly, the various occupancy layouts that occur in an auditorium are identified 
in section 2.6. Secondly, the modelling approaches used in previous studies are 
discussed in section 2.7. Thirdly, each occupancy layout is considered using an 
appropriate modelling technique in section 2.8. Finally, previous studies relating to 
each occupancy layout are identified and reviewed in subsections 2.8.1 to 2.8.6. The 
extent of existing research relating to the natural ventilation of auditoria is shown in 
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table 2.3, revealing the gaps in current knowledge and showing the challenges that 
remain in order to achieve step four. The motivation and purpose of the present 
study is to 'fill' a number of these gaps. 
2.6 Occupancy layouts 
A number of different occupancy layouts are possible within an auditorium, ranging 
from a single occupant to a capacity audience. In auditoria, two directions of oc- 
cupant distribution are considered - horizontal and vertical. By assuming the only 
heating to be from the occupants, these distributions describe the heating configu- 
ration within an auditorium. This is now considered in detail. 
2.6.1 Horizontal distributions 
The most basic heating configuration consists of a single occupant, located away 
from the side walls of the auditorium, as shown in figure 2.3a. The complexity is 
increased by the addition of occupants, dispersed horizontally throughout the room, 
creating multiple localised sources of heat, figure 2.3b. A variation of this layout 
consists of multiple occupants and equipment, dispersed horizontally throughout the 
room, creating multiple localised sources of different strengths. Occupants may also 
(a) (b) (c) 
I 
a AAA 
4th 
(d) (e) 
%%%% I 4w "I 
(f) 
Figure 2.3: Schematics showing six possible horizontal occupant distributions in an au- 
ditorium. (a) Single occupant, (b) multiple dispersed occupants (dispersed occupants 
and equipment not shown), (c) single row of occupants, (d) multiple rows of occupants, 
(e) small groups and (f) a large group. 
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be seated in a single horizontal row, figure 2.3c, or in multiple rows, figure 2.3d, crea- 
ting elongated sources of heat. Alternatively, they may be seated in small groups, 
figure 2.3e, or large groups filling up to the whole auditorium, figure 2.3f, and crea- 
ting large-area sources. Possible horizontal distributions are, therefore: 
" Single occupant 
" Multiple dispersed occupants 
" Dispersed occupants and equipment 
" Single row of occupants 
" Multiple rows of occupants 
" Small group(s) 
" Large group(s) 
2.6.2 Vertical distributions 
Auditoria are chaxacterised by seating at different elevations, therefore, a range of 
vertical occupant distributions are possible. The simplest distribution consists of all 
occupants located on a single level, for example seated just above the floor of the 
auditorium as shown in figure 2.4a. This arrangement is made more complex by dis- 
tributing multiple occupants between two levels, for example floor-level and a gallery, 
figure 2.4b, distributed evenly or unevenly between the two levels. Finally, the most 
complex vertical distribution consists of occupants at multiple levels, figure 2.4c, 
as in the case of many lecture theatres and cinemas. The three possible vertical 
distributions are, therefore: 
" Single level 
" Two levels 
" Multiple levels 
(a) (b) 
Ag' 
pill JL" 
(c) 
Figure 2.4: Schematics showing three possible vertical occupant distributions in an audi- 
torium. Occupants axe distributed on (a) a single level, (b) two levels and (c) multiple 
levels. 
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2.6.3 Combined distributions 
Apart from the cases of a single occupant and a single row of occupants, each of the 
horizontal occupant distributions considered in subsection 2.6.1 can be distributed 
vertically in one of the three ways described in subsection 2.6.2. This is easily 
visualised by considering that multiple occupants in auditoria may be sat close 
together or far apart, and distributed equally or unequally between two or more 
levels. The seven horizontal distributions and three vertical distributions, therefore, 
describe seventeen possible occupancy layouts and heating distributions within an 
auditorium. These are summarised in table 2.1. 
Occupancylayout Single level 
Two 
levels 
Multiple 
levels 
Single occupant 
Multiple dispersed occupants V/ V V/ 
Dispersed occupants and equipment 
Single row of occupants 
Multiple rows of occupants 
Small group(s) 
Large group(s) V 
Table 2.1: Occupancy layouts in auditoria. 
2.6.4 Ventilation and environmental conditions 
Every occupancy layout within an auditorium can be accompanied by a variety of 
ventilation and environmental conditions, which together determine the ventilation 
flow that is established. 
Based on the results of studies on simple, box-like rooms, one would anticipate 
that the ventilation within an auditorium is determined by the number, location, 
size, shape and orientation of ventilation openings. The possible configurations are: 
41 Single or multiple vents at the same level 
o Vents at two levels 
o Vents at multiple levels 
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A single ventilation opening results in an exchange flow of warm air flowing out 
of, and cool air flowing into, the auditorium through the opening, Linden (1999). 
The interior air mixes with the external air entering the space, up to the level of 
the vent. This is known as a mixing ventilation flow and is also achieved with mul- 
tiple vents at the same level. Vents located at two levels generally result in warm 
air flowing out through the upper vents and cool external air flowing in through 
the lower vents. This is known as displacement ventilation and is achieved when 
the openings are located above and below the neutral pressure level, Linden (1999). 
When mixing with inflowing air is minimised and the spacing of localised sources 
is sufficiently laxge, displacement ventilation flows result in stratified interiors that 
axe characterised by horizontal interfaces sepaxating layers of air at different tempe- 
ratures. Vents at multiple levels result either in mixing or displacement ventilation 
flows, or a combination of the two, cf. Livermore & Woods (2007). 
Displacement ventilation achieves the highest flow rates, resulting in the highest 
rate of heat removal, and is, therefore, the most efficient form of natural ventilation. 
It is also readily achieved with vents at two levels. Therefore, the research herein 
focuses on ventilation flows with openings at two levels. With this configuration, 
mixing is minimised when the total area of the entry openings is considerably greater 
than that of the exit openings, Coffey & Hunt (2004a). 
Environmental conditions include the temperature of the exterior relative to the 
interior of the auditorium, the wind speed and direction, and air quality. While 
these conditions can play a significant role in determining the airflows within an 
auditorium, as shown by Quincey et al. (1997), they introduce a level of complexity 
to the research that is inappropriate at this stage. The research herein, therefore, 
focuses on the effects of internal paxameters, assuming a quiescent external envi- 
ronment of constant density, and can be extended to include other effects at a later 
stage. 
2.7 Modelling approaches 
Previous researchers have employed various techniques in the study of natural venti- 
lation, with varying degrees of success. These are broadly divided into the following 
categories: 
" Full-scale studies 
" Large-scale physical modelling 
" Small-scale physical modelling 
" Simplified theoretical modelling 
" Computational Fluid Dynamics (CFD) modelling 
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It has been established in section 2.2 that full-scale studies of airflows in actual 
auditoria, have not assisted in the development of an understanding of the funda- 
mental physics of the airflows, and have little applicability to auditoria other than 
those monitored. Large-scale studies of airflows in test enclosures have also largely 
failed to achieve this (section 2.9), and have generally been used to test theoretical 
models developed using other approaches. Computational Fluid Dynamics (CFD) 
models, although widely used and with certain advantages, also fail to reveal the 
fundamental physics of flows and do not aid directly in the development of an unders- 
tanding of how individual pa-rameters affecting the flows axe related. The benefits 
and drawbacks of CFD modelling are discussed in section 3.6 (p. 86). 
The main reason the above approaches fail to provide insights into natural ven- 
tilation is that they do not allow conditions to be strictly controlled. Therefore, 
the effects of individual flow parameters cannot be studied in isolation. As a re- 
sult, these approaches cannot provide a foundational understanding of airflows in 
auditoria. 
Small-scale modelling, on the other hand, has provided a means by which condi- 
tions can be controlled to an extent that allows the fundamental fluid mechanics of 
natural ventilation flows to be caxefully investigated - this has been achieved through 
the use of salt water and fresh water in model enclosures to represent the interac- 
tions between warm and cool air at full scale, Linden (1999). Studies employing this 
technique have been complemented with the development of mathematical models 
that describe the flow behaviour and reveal the influence, significance and inter- 
relationships between the various parameters. For these reasons, consideration is 
given herein primarily to the research performed at small scale to reveal the extent 
of current knowledge. Although discussed in the context of auditoria, the results are 
more generally applicable to any interior with heat source distributions at different 
elevations. 
2.8 Modelling occupancy layouts in auditoria 
Previous small-scale studies have modelled the interactions between cool air and 
waxm air in a vertically inverted orientation using fresh water and salt water, the 
density of the water reflecting the temperature of air at full scale. Heat sources have 
been modelled experimentally using localised or distributed sources of salt water 
and theoretically using points, lines or area sources. The approximations made 
in the development of these heat source models are shown to be appropriate in 
subsection 3.5.3 (p. 84), and have allowed full-scale conditions to be modelled simply, 
yet effectively. In this way, the various occupant layouts described in section 2.6 can 
be approximated to provide a basis for developing theoretical models to describe the 
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flows. 
A single occupant in a naturally ventilated auditorium is approximated by a 
single point source inside an enclosure containing openings in the ceiling and floor. 
Multiple dispersed occupants are modelled by multiple non-interacting point sources 
of equal strengths, whose vertical distribution matches that of the occupants. A mix- 
ture of occupants and equipment is represented by multiple point sources of different 
strengths. Rows of occupants can be approximated by one-dimensional line sources, 
with vertical distributions reflecting those at full scale. Small groups of occupants 
can be modelled by area sources, the flows from which do not interact directly. Large 
groups can be modelled by large-area sources that take up a substantial area of the 
auditorium floor and are inclined in the case of occupants at multiple levels. 
A number of previous studies have investigated flows in naturally ventilated 
enclosures by sources in many of the configurations described in subsection 2.6.3 
and are, therefore, directly relevant to the natural ventilation of auditoria. Table 2.2 
contains references to the sections that review the studies which provide insight 
into the natural ventilation airflows at each of the occupancy layouts described in 
subsection 2.6.3. 
Occupancy layout 
Single 
level 
Two 
levels 
Multiple 
levels 
Single occupant 2.8.1 - - 
Multiple dispersed occupants 2.8.1 2.8.3 2.8.3 
Dispersed occupants and equipment 2.8.2 2.8.3 2.8.3 
Single row of occupants 2.8.4 - - 
Multiple rows of occupants 2.8.4 2.8.4 2.8.4 
Small group(s) 2.8.5 2.8.5 2.8.5 
Large group(s) 2.8.6 2.8.6 2.8.6 
Table 2.2: References to subsections describing models for approximating occupancy 
layouts in auditoria, as follows: 
" Subsection 2.8.1 - Single point source(s) of buoyancy 
" Subsection 2.8.2 - Multiple point sources of unequal strengths 
" Subsection 2.8.3 - Multiple point sources at different elevations 
" Subsection 2.8.4 - Line source(s) 
" Subsection 2.8.5 - Small-area distributed sources 
" Subsection 2.8.6 - Large-area distributed sources 
" Subsection 2.8.6 - Large-axea distributed sources at different elevations 
" Subsection 2.8.6 - Inclined distributed sources. 
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2.8.1 Single point sources of buoyancy 
Linden et al. (1990) studied the convective airflows driven by a single, localised 
source of heat on the floor of a well-insulated enclosure containing openings in the 
floor and ceiling. The effects of radiation, conduction and diffusion were assuined 
to be negligible, as was mixing by the inflowing air. 
The first part of their analysis studied draining flows established by the stack 
effect without heat input, in an enclosure filled uniformly with warm air. Ventilation 
was provided by creating a large entry opening in the floor and a small exit opening 
in the ceiling. In this configuration, cool air enters the enclosure through the bottom 
vents, displacing the warm air which leaves the enclosure through the top vents. The 
resulting flow is chaxacterised by a stable horizontal interface between the layers of 
waxm and cool air, figure 2.5a. 
The instantaneous airflow rate through the exit vents was calculated by Linden 
et al. (1990) by considering the pressure differences across the entry and exit vents, 
cf. (2.1). The driving pressures were found by considering the depths and densities 
of the two layers, assuming a hydrostatic pressure variation inside and outside the 
enclosure. The model accounted for the fact that after contracting to pass through 
a vent the flow continues to contract, reaching a minimum diameter at some dis- 
tance downstream. This location in the flow is known as the vena contracta and 
is identified in figure 5.9 (p. 130). The cross-sectional area of the flow at the vena 
contracta is related to the cross-sectional area of the vent via a discharge coefficient. 
Linden et al. (1990) applied discharge coefficients to the ventilation openings in their 
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Figure 2.5: Schematics showing a two-layer draining flow with labels showing (a) volume 
flow rates and effective opening areas and (b) pressures and velocities at the vents. Colours 
are used to distinguish between the density layers. 
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experiments, producing effective opening areas for the entry vents, Ai*,,, and the exit in 
vents, A:. t, defined as 
A* = V2-ai,, ci,, and A* = vl2-a. tc,,. t, in out (2.4) 
where ai,, and a,,,, t are the actual opening areas, and cj, " and ci,. t are the discharge 
coefficients of the entry and exit vents, respectively. Linden et aL (1990) used 
c,,,, t = 1.0 (thereby ignoring the contraction at the exit vent) and either cj,, = 0.5 
or ci,, = 1.0 to compare predictions with observations, resulting in an unambiguous 
interpretation of A! and A* , unlike the constant, 
KC, used by Clancy (2000). sn out 
The effective opening areas were grouped into a single term, describing the effective 
opening area of all openings along a flow path, expressed as 
A* aina,,,, t 
(a2 ,+ ai2n 
Cin in 
) 1/2 * 
(2.5) 
By assuming the density difference between the warm and cool layers is small 
compared with the density of the ambient, and assuming no change in volume due 
to heating, the volume flow rate, Qý. t, of warm air out of the enclosure was found by 
considering the pressure differences across the entry and exit vents. The Bernoulli 
equation, Batchelor (1967) p. 162, states that the relationship between the pressure, 
PI, velocity, U1, and vertical distance from a reference point, z, of fluid parcels along 
a streamline is p U2 11 +T+z= constant, 
a P9 g 
(2.6) 
where p is the density of the fluid parcel. Therefore, applying (2.6) at the entry and 
exit vents respectively, figure 2.5b, gives 
It 
U2 
in +- in 'Out, 
U02 Pi., U? Pi U? p sm ut, R + and - '= ou out) (2.7) pog 2g pog 2g + 2-g '-+ -2g pig pig 
where po and p, are the densities of the cool layer (Layer 0) and warm layer (Layer 1), 
respectively, and the flow pressures and velocities, respectively, are Pi,,, and Uj"j 
upstrearn from the entry vent, Pi,, and Ui,, at the entry vent, P,,. ti and U,,. ti upstream 
from the exit vent and P,,. t and U,, t at the exit vent. 
Assuming the flow velocities a long way upstream from the vents to be negligible, 
i. e. Ui,,, = U,, ti = 0, (2.7) reduces to 
-p 
1/2 
Ui. = 
(2(Pi,,, in) (2.8) 
PO 
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and 
2(P,, ýtj - P. t) 
1/2 
U. t =( Pi 
(2.9) 
By considering effective opening axeas, as in (2.4), the volume flow rate through the 
exit vent is given by 
I- Qout 2(Pi,, 
PO 
Pi") ) 1/2 I- ainCin 
2 (P,,, t 
Pi 
P,,. t) ) 
1/2 
a,,, tc6,, t. (2.10) 
By considering the hydrostatic pressure variations inside and outside the enclosure, 
P,,, tl and P,,, t are expressed as a function of Pi,,, and Pi,,, giving 
pig(H - hi) - po-ghl, (2.11) 
and 
P. t = Pi,,, - pogH, (2.12) 
where H is the (floor to ceiling) height of the enclosure and h, is the height of the 
interface. 
The Boussinesq approximation, i. e. that the effects of (small) density differences 
only play a role in the buoyancy terms, Turner (1973) p. 9, is now applied. Sub- 
stituting (2.11) and (2.12) into (2.10), applying the Boussinesq approximation and 
rearranging gives 
Q,,. t = A* (gi (H - h, ))1/2 1 (2.13) 
where g, is the acceleration of the warm air relative to the cool air, known as the 
'reduced gravity', defined as 
I 
PO 
- PI 91 9 
PO 
(2.14) 
The second part of the analysis of Linden et al. (1990) involved the introduction 
of a localised, steady heat source on the floor of the enclosure. The source was 
modelled as a point supplying zero volume flux and finite buoyancy flux, B1, driving 
a turbulent plume of warm air that entrains surrounding cool air at its periphery. 
The plume was described using the plume equations developed by Morton et al. 
(1956), described in detail in section 5.3 (p. 113), with the plume volume flux, Q1, 
expressed as a function of distance from the source, z, giving 
1/3Z5/3, Q, = CB, (2.15) 
where C= is a function of the turbulent entrainment coefficient for 5 10 
the plume, a. The plume supplied a layer of warm air located beneath the ceiling 
of approximately uniform steady density equal to that of the plume at the level of 
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Figure 2.6: Schematic showing a two-layer displacement ventilation flow driven by a single 
point source. 
the interface. figure 2.6. The only transfer of air across the interface was through 
the plume. Therefore, using mass conservation, a steady interface height, hi, was 
found at which the volume flux entering the warm layer was equal to the volume flux 
through the ventilation openings, by expressing (2.15) at the height of the interface 
and equating with (2.13) to give 
CB 1/3 h 5/3 = A*(g'(H - hi))1/2 = Qout. 111 
Rearranging 2.16 gave the dimensionless height of the interface, ýj = hj1H, as 
A* 
= C3/2 
1/2 
H2 
(2.17) 
This expression had previously been derived by Thomas et al. (1963) in the context 
of fire plumes and is the solution for a steady displacement flow driven by a single, 
localised source of buoyancy in a naturally ventilated enclosure. A significant feature 
of this flow is the passage of air within the lower layer towards the plume, driving a 
flow of external air through the bottom vent(s) and thereby ventilating this layer. 
A key result of this research is that the steady level of the interface is independent 
of the strength of the source, B1, and is determined by the ventilation opening 
areas and the entrainment properties of the plume (2.17). The steady density (or. 
equivalently, temperature) of the buoyant layer and the ventilation flow rate are. 
however, dependent on the source strength, and can be calculated directly from the 
plume equations (given in section 5.3, p. 113). Equation (2.17) was also extended 
to account for n non-interacting point sources of equal strengths on the floor of the 
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enclosure, expressed as 
5 )1/2. 
C3/2 
c 
1 -Cl 
Increasing the number of sources in (2.18) results in a lowering of the interface height. 
A constant interface height 'is maintained on increasing n only if the effective area 
of the openings increases. 
The mathematical model (2.17) was supported by measurements from small- 
scale laboratory experiments using salt water and fresh water to model density 
differences. A full description of this experimental technique is given in chapter 
3. Once steady conditions were achieved, in which the height of the interface and 
density of the buoyant layer did not change with time, the results of experiments 
showed good agreement with theoretical predictions of layer densities, although there 
was some discrepancy between the predicted and measured interface heights. This 
was partly attributed to the fact that the laboratory sources were not points, as 
assumed in the model. However, a later study by Hunt & Linden (2001) applied 
virtual origin corrections, see section 5.5 (p. 114), and showed that interface heights 
are well predicted when the properties of the sources are included. Another reason 
for the discrepancy was the use of constant discharge coefficients of two distinct 
values. Hunt & Linden (2001) showed that a coefficient of value c=0.63, applied 
at both the entry and exit vents, produced a good fit with results. In accordance 
with their model, the density profiles measured by Linden et al. (1990) showed an 
approximately uniform fluid density within the buoyant layer, apart from a region 
close to the interface in which the density gradually approached that of the ventilated 
layer. 
Linden et al. (1990) thus showed it is possible to establish a steady ventilation 
flow through the building consisting of a warm layer below the ceiling and a cooler, 
ventilated layer above the floor. If the interface separating the layers is established 
above the heads of the occupants, they experience ventilated conditions and remain 
separated from warm, polluted air accumulating below tile ceiling. 
The advantage of the work of Linden et al. (1990) over other studies reviewed up 
to this point is that it provides a means of quantitatively predicting the airflows in an 
enclosure based directly on a knowledge of the source strength(s), the opening areas 
of the vents and the room geometry. Equation (2.17) reveals fundamental physical 
inter-relationships between the various parameters, opening up the possibility of 
applying this single model to a range of scenarios, unlike Cheong et al. (2003) and 
Clancy (2000), whose results were limited to the auditoria, being studied. What is 
of critical importance, however, is an understanding of the physical conditions that 
must be satisfied for this model to be directly applicable to full-scale airflows. 
Firstly, the heat sources must be localised, meaning that the rise height of the 
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plumes is large compared to the horizontal scale of the source. Secondly, the plumes 
must not interact with each other or with the sidewalls of the enclosure. Thirdly, 
mi3dng from inflowing air must be minimised, otherwise the interface may be dis- 
turbed or destroyed. Fourthly, the plumes from sources must not be disturbed by 
surrounding air movements; as far as possible, quiescent conditions must be main- 
tained. Fifthly, the enclosure must be well insulated, such that heat transfer with 
the walls is negligible. The enclosure must also be 'tight', so that there is no seepage 
of air other than through the designated vents. Finally, the effects of heat transfer 
by radiation and diffusion must be negligibly small when compaxed with the transfer 
of heat by convection. 
These conditions do not render the model incapable for predicting full-scale 
airflows, but rather define the range of cases for which the model is suitable and 
show the importance of controlling various flow paxameters, most notably inflow- 
induced mbdng. In light of these considerations, the methodology and results of 
Linden et al. (1990) are directly applicable to naturally ventilated auditoria. 
The key results from the research of Linden et al. (1990) are: 
eA single point source drives a steady two-layer flow 
0 Multiple point sources of equal strengths at the same elevation drive a steady 
two-la: yer flow 
0 The steady interface height is independent of source strength(s) 
0 The interface height is determined by room height, the size and position of 
vents and the number of sources 
40 Steady layer densities are determined by the number and strength(s) of sources. 
Hunt & Linden (1998) used the theoretical model of Linden et al. (1990) to 
predict the transient and steady airflows inside a lecture theatre. Whereas Linden 
et al. (1990) concentrated on the steady conditions, Hunt & Linden (1998) focused 
on the transients and specifically the relationship between the interface height and 
the length of time the lecture theatre is occupied. A key result of this research was 
that the height of the interface, during the transient period leading up to steady 
state, 'overshoots' the steady height of the interface. The implications of this over- 
shoot are that occupants seated at the highest levels inside naturally ventilated 
lecture theatres, designed using steady-state predictions of interface heights, may 
find themselves located within the buoyant layer before steady state is reached. 
The results of Hunt & Linden (1998) were illustrated using an example of a 
naturally ventilated lecture theatre at the University of Cambridge with dimensions 
25 m length x 16.5 m width x 8.5 m height, with tiered seating at an angle of 17" 
from the horizontal and an audience of 100 people. The effective opening area was 
taken as A*1H 2=0.00318. It was shown that the lowest level of the interface 
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occurs approximately 56 min after the audience has entered the theatre, and that 
this height is almost 0.4 m below the steady height. Since lectures generally last 
one hour, the results show that the lowest interface height occurs when the space is 
occupied. The implications are that the steady-state model of Linden et al. (1990) 
should not be used in isolation in the design of naturally ventilated auditoria, and 
that the transient airflows should be taken into account. 
2.8.2 Multiple point sources of unequal strengths 
The modelling and experimental technique of Linden et al. (1990) was extended by 
Cooper & Linden (1996) to describe convective flows inside an insulated, naturally 
ventilated enclosure containing two unequal, localised sources at floor level. This 
situation is of interest when considering the natural ventilation of auditoria where 
sources of varying strengths are often present, for example human beings and stage 
lights. 
Using a similar experimental setup to Linden et al. (1990), Cooper & Linden 
(1996) observed that, under displacement ventilation conditions and in the absence 
of mixing by the inflow, two unequal sources drove a steady flow consisting of three 
horizontal layers separated by interfaces. This basic flow pattern was predicted by 
Linden et al. (1990) and is shown in figure 2.7a. The bottom layer (Layer 0) was 
at ambient density and ventilated by inflowing external fluid. The middle layer 
(Layer 1) was supplied by fluid from the plume driven by the weaker source and 
the top layer (Layer 2) was supplied by fluid from the plume driven by the stronger 
source, after it had crossed the lower interface and entrained fluid from Layer 1. 
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Figure 2.7: Schematics showing displacement flows. (a) A three-layer flow driven by 
two unequal point sources, where B, ": ý 132. The entrainment of fluid from Layer 2 into 
Layer 1, with volume flux Q*, is shown. (b) A multiple-layer flow driven by n unequal 
sources, where B1 < B2 < ... < B,. 
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The mathematical model describing the flow driven by two unequal sources was 
more complex than for a single source. This was partly due to the modelling of the 
stronger plume as it passed through the middle layer, where its buoyancy, relative to 
the surroundings, was lower than in the bottom layer. This meant that the power- 
law solutions for the plume equations of Morton et al. (1956), defining the volume 
flux and density of the plume as a function of distance from its source, no longer 
held. The solution provided by Cooper & Linden (1996) involved modelling the 
plume in the middle layer as an area source at the interface between the bottom 
and middle layers. This was called the 'distributed plume' model and provided a 
correction to the volume flux and density of fluid being supplied to the top layer by 
the stronger plume. 
The distributed plume model was incorporated into the model and an analytic 
solution developed, giving 
( 
H2C3/2 
+, 01/3)3/2 ý5 1 
- 
(1+b)l/2 
1/2 
where 0= BIIB2 is the strength ratio of Sources 1 and 2, B, and B2, respectively, 
and f (0) denotes a function of the source strength ratio, derived from the distributed 
plume model. The dimensionless heights of the lower interface, ýj = h11H, and 
upper interface, C2 = h21H, were related by the expression 
ei 
=1 (2.20) 
An additional flow feature, not predicted by Linden et al. (1990) but observed 
by Cooper & Linden (1996), was the weaker plume passing through the middle 
layer under its own momentum and impinging on the upper interface. The result 
was that the impinging plume entrained fluid from the top layer into the middle 
layer and thereby raised the height of the upper interface. From research carried 
out by Kumagai (1984), who quantified the volume flux entrained across a density 
interface in terms of an interfacial Froude number, the volume flux of entrained 
fluid was determined as a function of the source strength ratio and interface heights. 
By incorporating the model of Kumagai (1984) into the function f (1k), Cooper & 
Linden (1996) solved (2.19) numerically using an iterative procedure to converge on 
a solution for the interface heights. 
A key result from the work of Cooper & Linden (1996) was that the heights of 
both interfaces axe independent of the absolute strengths of the two sources, and are 
determined by the source strength ratio, the effective opening area of the vents and 
(2.19) 
)2/3 
I-Q- -T, -+0) 1 MQ 
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the entrainment properties of the plumes. This was consistent with the findings of 
Linden et al. (1990). The densities of the individual layers and the ventilation flow 
rate are, however, dependent on the absolute source strengths. Cooper & Linden 
(1996) found that there was little change in the height of the lower interface once 
the source buoyancy flux ratio increased above 0=0.2, and that its position was 
insensitive to the predicted height of the upper interface. 
The mathematical model (2.19) showed good agreement with observations from 
experiments after corrections had been made for modelling the laboratory sources 
as points, see section 5.5 (p. 114). Increasing the effective opening area raised both 
interfaces, and increasing the source strength ratio increased the height of the upper 
interface, with the lower interface remaining at an approximately constant height. 
At source strength ratios approachingO -1 and at sufficiently large opening areas, 
the mathematical model failed to predict the height of the upper interface, fixing its 
position at the ceiling. The range of experimental results presented did not extend 
beyond, O = 0.55, so interface heights at large source strength ratios were not known 
and could not be compared with predictions. 
The research of Cooper & Linden (1996) represented a development in understan- 
ding the fluid mechanics of buoyancy-driven displacement flows, and demonstrated 
how the approach of Linden et al. (1990) can be used to model more complex source 
distributions. Although the solution is presented in a closed form, it requires a 
numerical approach to converge on solutions. However, this is still far less compu- 
tationally expensive compared with alternative techniques such as CFD. As with 
Linden et al. (1990), the assumptions made in the model limit its applicability. The 
research of Cooper & Linden (1996) helps one to understand some of the physical 
processes, for example the motion of the weaker plume above the lower interface. In 
terms of building ventilation, what is of great interest to ventilation designers and 
engineers is the prediction of airflows within the occupied region and, in particular, 
the height of the lower interface, which the model accomplishes. 
The work of Cooper & Linden (1996) was extended by Linden & Cooper (1996) 
to model multiple unequal point sources on the floor. The purely theoretical ana, 
lysis assumed that each source drove a plume supplying its own layer, separated 
from other layers by horizontal interfaces across which no entrainment occurred, 
figure 2.7b. The effects of plumes impinging on interfaces, observed by Cooper & 
Linden (1996), were neglected to simplify the analysis. Anticipating the increased 
complexity of extending the 'distributed plume' model in (2.20) to n plumes and 
recognising that interface heights are determined primarily by plume volume fluxes, 
the changes in buoyancy flux for stronger plumes were ignored where these passed 
through buoyant layers. Each plume was modelled as rising through fluid at ambient 
density throughout its full height. These simplifications meant that predictions un- 
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derestimated the heights of the upper interfaces, however, from a practical point of 
view, what was of primary interest was the height of the lowest interface, which was 
accurately modelled. 
Linden & Cooper (1996) found that the height of the lowest interface is inde- 
pendent of the absolute, and relative, strengths of the sources. A strong stratification 
was predicted above the lowest interface, resulting from a large change in buoyancy 
compared with the bottom layer. Above this, layers were predicted to be shallow 
resulting from small differences in buoyancy, except for the uppermost layer, which 
was formed by the strongest plume and was deeper and more buoyant than the other 
layers. Interface heights were found to be independent of the absolute strengths of 
the sources, but sensitively dependent on the effective opening area of the vents. 
At full scale, mixing due to the plume dynamics would almost certainly prevent 
shallow layers from forming and likely result in a continuous temperature gradient. 
However, the model of Linden & Cooper (1996) is useful for estimating the shape 
of the temperature profile. The most significant design consideration, namely, the 
height of the lowest interface, is shown by the model to be well predicted by assuming 
all the sources to be of equal strengths. This simplification provides a useful design 
rule. 
Linden (1999) recognised that, in practice, ventilation airflows do not exhibit 
a sharp change in density between two homogeneous layers as described by Linden 
et al. (1990). Instead, a more gradual change is observed between ambient conditions 
at the base of the enclosure and buoyant conditions at the top. In particular, it was 
noted that heat sources axe often distributed and of different strengths in building 
environments, requiring more complex models such as those developed by Cooper 
& Linden (1996) and Linden & Cooper (1996). The contribution of these models 
was recognised in the wider context of understanding the physics of airflows driven 
by a variety of heating and ventilation conditions. 
Key results from the research of Cooper & Linden (1996) and Linden & Cooper 
(1996) are: 
" Two unequal point sources drive a three-layer flow 
" Multiple unequal point sources drive a multiple-layer flow 
" Steady interface heights are independent of absolute source strengths 
" Interface heights are determined by room and vent geometry and source strength 
ratios 
" Steady layer densities are influenced by the absolute strengths of sources. 
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Figure 2.8: Schematics showing a naturally ventilated enclosure containing (a) two point 
sources at different elevations and (b) point sources at multiple elevations. The lack of 
colour indicates that the flows established in these cases are not known at this stage. 
2.8.3 Multiple point sources at different elevations 
The research of Linden et al. (1990), Cooper & Linden (1996) and Linden & Cooper 
(1996) focused on point sources at the sarne elevation. One of the key features 
of auditoria, however, is the location of seating at different elevations, either in 
galleries, or on a slope, or both, figure 2.8. To date, no research has been published 
that has studied the airflows driven by point sources at different elevations. 
2.8.4 Line sources 
The predictions for airflows driven by single and multiple point sources of equal 
strengths can be modified to account for line sources by deriving line plume equations 
following the approach of Morton et al. (1956). Therefore. the results of Linden et al. 
(1990), Cooper & Linden (1996) and Linden & Cooper (1996) can, in principle, be 
extended to predict airflows in auditoria containing rows of occupants. Likewise, 
the results of the reseaxch herein, which focus on point sources, can be modified and 
applied to line sources. 
2.8.5 Small-area distributed sources 
Hunt et al. (2002) found that the transition between a two-layer displacement flow. 
driven by a single localised source, and a mixing flow with a uniform density in- 
terior, driven by a single distributed source. occurs when the area of the source is 
approximately 15% of the floor axea of the enclosure. A distributed source smaller 
than this is considered to be a 'small-area' source, and to behave similarly to a 
t 
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Figure 2.9: Schematics showing (a) a two-layer displacement ventilation flow driven by a 
small-area distributed source and (b) a well-mixed interior driven by a large-area distri- 
buted source. The type of ventilation flow is determined by the area of the source, A,, 
relative to the floor area of the enclosure, Sb,,.,, Hunt et al. (2002). 
plume with a virtual point source some distance vertically below the centre of the 
distributed source, figure 2.9a. 
It is likely the figure of 15% is lower for multiple sources, as the total area over 
which entrainment occurs into a large number of narrow pluines, driven by multiple 
localised sources, would be greater than for a single plume of large diameter. driven 
by a distributed source. Nevertheless, Hunt et al. (2002) provide ail indication of 
the range of source conditions in auditoria for which localised and distributed source 
models would be appropriate. 
The airflows driven by multiple equal non-interacting small-area distributed 
sources can be predicted using the mathematical model of Linden et al. (1990) for 
equal point sources, by accounting for the virtual sources of the distributed plumes. 
In the same way, the flows driven by multiple small-area distributed sources at dif- 
ferent elevations can be predicted by the research herein, which focuses oil multiple 
point sources. 
2.8.6 Large-area distributed sources 
A large-area distributed source that occupies over 15% of the floor area of an en- 
closure drives a steady mixing flow creating a uniform interior, as found by Hunt 
et al. (2002) mid shown in figure 2.9b. A steady mixing flow was also observed by 
Gladstone k Woods (2001). 
The natural ventilation of an enclosure containing a heated floor and a smaller 
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distributed source at a fixed elevation was studied by Livermore & Woods (2007), 
for a range of ventilation conditions. The distributed sources were assumed to drive 
well-mixed layers of buoyant fluid, following Gladstone & Woods (2001). With 
ventilation openings at low and high levels, the enclosure was predicted to contain 
two buoyant layers separated by a horizontal interface at the level of the elevated 
source, figure 2.10a. The temperatures of the layers and flow rate through the 
enclosure were determined by the ratio of source strengths, however., the basic form 
of the stratification always remained the same. 
The model was developed further to predict the stratification when a third ope- 
ning was introduced above the elevated source. Three possible flow regimes were 
identified, with differing direction of flow through the middle vent and form of stra- 
tification, depending on the ratio of source strengths and the relative sizes of the 
ventilation openings. Predictions were compared with measurements from small- 
scale experiments carried out using heat sources in water. A model building was 
used consisting of two compartments, one on top of the other, each containing a 
heated floor and a vent. These were connected to a shared atrium, rising conside- 
rably higher than the top of the upper compartment. The results of experiments 
showed good agreement with predictions of flow regimes and layer temperatures. 
The schematics used in Livermore & Woods (2007) to illustrate the theoretical 
approach showed a single, unpartitioned enclosure containing distributed sources 
of different areas at different elevations. However, the openings and sources in the 
theoretical model did not match those of the physical model. It is uncertain whether 
the design of the physical model forced the flow to behave in a way predicted by 
the theoretical model. This is significant since the schematics resembled a heating 
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Figure 2.10: Schematics showing (a) a two-layer displacement flow driven by large-area 
distributed sources on two levels and (b) a naturally ventilated enclosure containing an 
inclined large-area distributed source. 
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scenario that is expected in an auditorium, whereas the physical model did not, 
and it is likely that the interaction of flows driven by the sources in an auditorium 
would drive more complex flows. Additionally, some of the images from experiments 
implied laminar flows, which was a departure from full-scale turbulent conditions. 
The research of Livermore & Woods (2007) is potentially useful for predicting 
airflows in naturally ventilated auditoria containing galleries, i. e. with seating on 
two levels. In most cases, however, auditoria consist of a single space with multi-level 
heat sources that can be considered to be points or lines, not horizontally distributed 
sources. Additionally, all sources in auditoria are generally supplied by a common 
inflow, therefore, the model of Livermore & Woods (2007) is not directly applicable 
to most auditoria. In terms of elucidating the fluid mechanics of the flows, the effect 
of altering the area and height of the elevated source was not investigated, and the 
assumption of uniformly mixed layers above the levels of the sources did not reveal 
the interactions between flows driven by distributed sources in single-cell enclosures 
such as lecture theatres. 
In the case of auditoria with inclined floors, where a large number of occupants 
are seated close together, airflows axe possibly most appropriately modelled by an 
inclined laxge-area distributed source rather than multiple point sources at different 
elevations, figure 2.10b. This implies well-mixed interior conditions, however, there 
is currently no published research, that the author is aware of, that sheds light on 
the physical processes occurring in such cases. 
2.8.7 Summary of current knowledge 
The extent of current knowledge of buoyancy-driven flows, that axe directly relevant 
to naturally ventilated auditoria, is revealed by summarising the key results from 
subsections 2.8.1 to 2.8.6. 
Localised sources of heat are well approximated using point sources. A single 
point source drives a two-layer flow, as do multiple sources of equal strengths at 
the same elevation. The steady height of the interface separating the two layers 
is independent of the strength of the sources. Two unequal point sources drive 
a three-layer flow, whose interface heights axe dependent on the ratio of the two 
source strengths and not the absolute strengths of the sources. In the case of n 
unequal point sources, a multiple-layer flow is driven, theoretically consisting of n+1 
layers. The flows axe modelled mathematically using plume theory and draining flow 
models. 
In all cases, the heights of interfaces are determined by the height of the room, 
the size and position of ventilation openings, and the number and elevation of the 
sources. Transient interface heights axe often lower (due to 'overshoot') than steady 
heights, which needs to be considered in the design of naturally ventilated enclosures 
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when aiming to locate occupants below the minimum interface height. The flows 
driven by point sources at different elevations have not been studied in detail, either 
for equal or unequal sources. 
Linear sources of heat are well approximated using planar line sources which drive 
similar interior flows to point sources. The precise prediction of natural ventilation 
flows driven by line sources may be attained by modifying the existing theoretical 
models for point sources. 
Distributed sources that occupy 15% or less of the floor area axe regarded as 
'small-area' and are approximated by a 'virtual' point source located some vertical 
distance from the actual source. Therefore, the flows driven by single and multiple 
point sources predict the flows driven by small-area distributed sources located in 
the relevant positions. Distributed sources that occupy more than 15% of the floor 
area are regarded as 'large-area' and drive well-mixed interior airflows. Large-area 
sources at two elevations drive a two-layer flow, with the interface located at the 
level of the elevated source. The case of large-area sources at multiple elevations is 
approximated by an inclined distributed source, and has not been studied. 
The extent of current knowledge of airflows in auditoria is presented in table 2.3, 
clearly showing the gaps in understanding and areas requiring further research. This 
provides the motivation for the research herein, and a justification of the aims and 
objectives presented in section 2.10. 
Occupancylayout 
Single 
level 
Two 
levels 
Multiple 
levels 
Single point source 
Multiple equal point sources 0 0 
Multiple unequal point sources 0 0 
Single line source - - 
Multiple line sources 0 0 
Small-area distributed sources 0 0 
Large-area distributed sources 0 
Table 2.3: The extent of current knowledge of buoyancy-driven flows with applications to 
naturally ventilated auditoria. Ticks (,, ") indicate heating scenarios that have previously 
been considered and circles (0) indicate cases that require further study. 
57 
Chapter 2 Research context and strategy 
2.9 Large-scale studies 
There are very few freelyý-available studies and data of full-scale airflows. Large- 
scale studies of natural ventilation were carried out by Haslavsky et al. (2004) and 
Haslavsky et al. (2006) who investigated the transition between mixing and displa- 
cement ventilation flows in a test room, driven by a single source of heat on the 
floor. The room was constructed from wooden sheets and Styrofoarn plates, and 
all interior surfaces were covered with aluminium foil to minimise radiative heating 
effects. The floor dimensions were 2.43 m length x 2.42 m width, the total height of 
the room was 2.35 m and the 'front' face contained ventilation openings of dimen- 
sions 1.50 m width x 0.30 m height. The heat source was a U-shaped tube 0.33 m 
high with an output of 100 W, 300 W or 500 W, located 0.30 m away from the 'rear' 
face. Temperature measurements were taken using a vertical rake of thermocouples 
hung from the ceiling in the centre of the room. 
Experiments were carried out by closing a lower vent, keeping an upper vent 
fully open and thereby inducing a steady exchange flow through the upper vent. 
The lower vent was then opened to a fixed vertical height, between 0.01 m and 
0.30 m, and the change in internal temperatures monitored for 9 min. This was 
repeated for four vent opening heights. 
Haslavsky et al. (2004) found that, at lower opening heights between 0.01 m 
and 0.04 m, flows within the test room were characterised by a steep temperature 
gradient from floor level to a height of approximately 0.8 m, followed by a shallower 
gradient to a height of approximately 1.6 m. Above this, the gradient steepened 
sharply up to a height of approximately 1.9 m, followed by another reduction in 
steepness for the remaining 0.45 m of the room. An interface was observed at a 
height of approximately 1.6 m, driven by the interaction between a plume of warm air 
(from the source rising to supply a warm layer beneath the ceiling) and a negatively- 
buoyant plume of inflowing cool air descending from the upper vent that supplied a 
cool layer above the floor. Haslavsky et al. (2004) termed these flows 'mixing flows', 
despite the fact that well-mixed interior conditions were not observed, as assumed 
by Linden et al. (1990) for flows of this name. The terminology was, therefore, 
misleading as ventilation by displacement was implied. 
At opening heights between 0.12 m and 0.30 m, the temperature profiles were 
characterised by a shallower gradient from floor level to a height of approximately 
1.3 m, followed by a steep gradient to a height of approximately 1.6 m, again re- 
ducing in steepness below the ceiling. The interface remained 'fixed' at a height 
of approximately 1.6 m. These were termed 'displacement flows', although some 
mixing was evident from the smooth profiles. 
The measurements of Haslavsky et al. (2004) were supported by Haslavsky et al. 
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(2006) and showed qualitative agreement with the two-layer displacement ventilation 
model of Linden et al. (1990) although, remarkably, the height of the interface did not 
change when the effective area of the openings was increased. However, Haslavsky 
et al. (2006) varied the ventilation modes between experiments which meant that 
the experimental conditions were not comparable to those of Linden et al. (1990). 
Another drawback of the experimental method was that the area of the entry vent 
never exceeded the area of the exit vent and, therefore, the inflow would be expected 
to induce considerable mixing. Additionally, the position of the heat source may 
have caused it to interact with the rear wall, affecting entrainment and violating 
one of the assumptions of Linden et al. (1990). As a result, the observations were 
not suitable for a direct comparison with the work of Linden et al. (1990). 
Howell & Potts (2002) also ran a series of experiments measuring vertical tempe- 
rature profiles inside a naturally ventilated test room containing a single, localised 
source of heat. Their room was 2.5 rn high and constructed from chipboard and po- 
lycarbonate sheets, with floor dimensions of approximately 4m length x2 rn width. 
This was comparable in height to the test room used by Haslavsky et al. (2006), 
however, the construction materials were different. The room was located inside a 
large chamber of unspecified dimensions, and vertical openings, whose areas could 
be varied, were provided at the bottom and top of both end walls. A 225 W plate 
heater of dimensions 0.4 mx0.2 m was positioned in the centre of the floor to pro- 
vide a localised heat input. Temperature measurements were taken at regular height 
intervals using thermocouples attached to a frame that could traverse the length of 
the room. Howell & Potts (2002) claimed that the temperature measurements taken 
in this test room were truly representative of ventilation flows observed in real buil- 
dings, however, the carefully controlled flow conditions, the materials used, the lack 
of doors, windows, furniture, solar and wind effects, and the properties of the heat 
source, which was planar, stationary and located on the floor of the room, -proved 
that this was clearly not the case. 
The experiments drove stratifications consisting of a steep temperature gradient, 
with an increase of approximately 3 "C from floor level to a height of 1 m, and 
a shallow gradient, with an increase of under 0.5 `C within the remaining 1.5 m 
of the room. Increasing the effective opening area resulted in little change in 
the shape of the temperature gradient and a reduction in absolute temperatures. 
Howell & Potts (2002) emphasised the fact that this did not match the predictions 
of Linden et al. (1990) and claimed that the experimental and mathematical models 
of Linden et al. (1990) are not suitable for the prediction of displacement ventilation 
flows in full-scale buildings. This is a very serious allegation which, if true, would 
undermine the entire body of work based on small-scale modelling using water re- 
viewed in section 2.8, which is used by researchers and practitioners as a basis of 
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understanding natural ventilation airflows. This charge must be refuted, and this 
is accomplished by looking closely at the details of the experimental and analytical 
methods applied by Howell & Potts (2002). 
Figure 1 from Howell & Potts (2002) implied that the entry vents were not 
substantially larger than the exit vents and were a significant proportion of the 
room height. This will have resulted in a substantial amount of mixing by the inflow, 
as demonstrated by Coffey & Hunt (2004a). This would explain the temperature 
gradient and smeared interface observed by Howell & Potts (2002). The height 
of the interface, which was similar in all experiments, will also have been affected 
by the vertical extent of this mixing. The flows from the entry vents in the test 
room will have interfered with the plume, deflecting it from the vertical due to 
its location near the merging point of the two inflowing jets (one from each entry 
vent), thus violating the quiescent environmental conditions assumed by Linden 
et al. (1990). For these reasons, the measurements of Howell & Potts (2002) did not 
match the predictions of Linden et at. (1990), rather than the reasons they state. 
Their erroneous conclusions were compounded by the notable absence of a discharge 
coefficient in their calculations of effective opening areas. 
Howell & Potts (2002), however, attributed these differences to the effects of dif- 
fusion and thermal radiation, which are not included in the model of Linden et al. 
(1990). This overlooked the fact that turbulent entrainment by plume eddies domi- 
nates diffusion, that the horizontal inflow into the plume sharpens the interface and, 
in the case of human beings, thermal radiation is a second-order effect. Additionally, 
the results of Howell & Potts (2002) did not agree with those of Haslavsky et al. 
(2004), which were carried out in a test room of similar scale and suffered from the 
same effects of diffusion and radiation, yet showed clearer stratifications. 
Howell & Potts (2002) ran CFD simulations in an attempt to replicate their 
measured temperature profiles. The modelling domain consisted of a large chamber 
containing the test room enclosure, of which one quarter was used in simulations, 
and boundary conditions were assigned at the wall of the chamber, not the vents of 
the test room. This had the advantage of avoiding the a prio7i specification of flow 
rates (or velocities) at the vents. Three turbulence models were used with a radiation 
transfer model and compared with measurements. Howell & Potts (2002) argued 
that the moisture content of air had an important influence upon the stratification 
within the test room, due to the absorption and emission of thermal radiation by 
water vapour, and expressed this using an absorptivity parameter for water vapour. 
However, the moisture content of the test rooms and the thermal radiation emitted 
by the source were not specified. Both the turbulence model and absorptivity para- 
meter were chosen to provide the best fit with measurements, but did not produce 
an equally good fit with all the results. This indicates that all aspects of the airflows 
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were not modelled proportionately, and a different combination of turbulence model 
and absorptivity paxameter may have produced a similar range of fits. No method 
of checking the reliability of the simulation (i. e. basic quality-control) in modelling 
each of these individual heat transfer methods was presented, and the model could 
not segregate the effects of diffusion, mixing and radiation. 
Howell & Potts (2002) presented some interesting measurements of temperature 
profiles in a large-scale test room, however, the experimental conditions were not 
appropriate for comparing the results with the model of Linden et al. (1990) and 
are not representative of airflows in auditoria. Their results differed significantly 
from those of Haslavsky et al. (2004) and did not provide a clear understanding 
of the inter-relationships between the various heat transfer methods. The physical 
and mathematical models of Linden et al. (1990), however, do show the effects of 
heat source strength and room geometry on convective airflows, and are applicable 
to full-scale auditoria within the range of validity of their assumptions. The direct 
challenge of Howell & Potts (2002) to the work of Linden et al. (1990) was, therefore, 
unsubstantiated and the analytical approach presented in (2.17) (p. 46) remains a 
powerful approximation of buoyancy-driven displacement ventilation flows. 
The studies carried out by Howell & Potts (2002) and Haslavsky et al. (2004) de- 
monstrated the difficulties associated with gaining an understanding of the physics 
of airflows from large-scale experiments. The experimental conditions were difficult 
to control and the effects of different parameters on the flows could not be definiti- 
vely established. The idealisations made by Linden et al. (1990), on the other hand, 
produced a greater understanding of the physics of buoyancym-driven, convective air- 
flows, allowing quantitative first-order predictions to be made under the appropriate 
full-scale conditions. Linden (1999) recognised that full-scale airflows do not gene- 
rally exhibit shaxp changes in density, and pointed to research since Linden et al. 
(1990) for more insight into how various types of stratification form. It was never 
the intention of the Linden et al. (1990) model to represent every detail of the flow, a 
point missed by Howell & Potts (2002). The large- and small-scale studies reviewed 
above must be understood in the context of what they are attempting to achieve. 
Once this is grasped, it becomes clear that they complement one another. 
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2.10 Research strategy and aims 
The aim of the research herein is to increase the level of understanding of airflows 
in naturally ventilated auditoria by building on the work of previous researchers to 
'fill' some of the gaps in knowledge identified in table 2.3. The scope of the reseaxch 
is limited to the study of displacement flows using small-scale water-based physical 
models under carefully controlled conditions. The enclosures studied contained vents 
in the ceiling and floor, and sources were localised and located in such a way as to 
prevent interaction between plumes. Theoretical models approximate the laboratory 
sources with points, and follow the procedures established by previous researchers. 
To achieve the main aim the following targets or objectives were proposed for 
study: 
9 Two equal sources at different elevations, focusing on the effect of source ele- 
vation and ventilation opening areas 
0 Two unequal sources at different elevations, focusing on the effect of source 
strength ratio, source elevation and ventilation opening areas 
0 Multiple equal sources at two elevations, focusing on the effect of source ele- 
vation, the distribution of sources between the two elevations, and ventilation 
opening areas 
0 Multiple equal sources at multiple elevations, focusing on the effect of source 
elevation and ventilation opening areas 
The range of experiments performed is shown in table 2.4. The overall focus is 
on localised sources of equal strengths at different elevations, which represent, for 
example, occupants in an auditorium. Unequal sources are studied to facilitate a 
deeper understanding of the underlying physics and represent a mixture of occupants 
and heat-emitting equipment in an auditorium. The study of complex airflows driven 
by multiple unequal sources at different elevations is beyond the scope of the research 
herein. 
The results from the experiments outlined in table 2.4 contribute to the unders- 
tanding of airflows in naturally ventilated auditoria indicated in table 2.5. Seven of 
the nine knowledge gaps identified in table 2.3 are contributed towards by the re- 
search herein, resulting in a significant move forward towards a complete understan- 
ding of airflows in auditoria, represented by step four in figure 2.2. This contribution 
will also help facilitate the application of results from small-scale experiments to the 
design of naturally ventilated auditoria. 
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Experiment configuration Variables studied 
- 
Sources Elevations II Di Vt 
FFI 
Fl 
Two 
Two 
Equal 
Unequal 
TWO 
Two 
I/ 
0 
Multiple 
Multiple 
Equal 
Unequal 
Two 
Two 0 0 0 0 
0 
0 
Multiple 
Multiple 
Equal 
Unequal 
Multiple 
Multiple 
- 
0 
0 
- 
V 
01 
0 
0 
Table 2.4: Source configurations, room geometry and ventilation conditions that were 
varied in the research herein. Abbreviations denote: (St) source strengths, (El) source 
elevations, (Di) source distributions between two levels, (Vt) ventilation opening areas 
and (FI) floor area of enclosure. Ticks (-/) indicate the conditions that were varied and 
studied at each experiment configuration. Circles (0) indicate experiments outside the 
scope of the research herein. 
Occupancy layout 
Single 
level 
Two 
levels 
Multiple 
levels 
Single point source - 
Multiple equal point sources (D 0 
Multiple unequal point sources V/ 0 
Single line sources V/ - 
Multiple line sources (D 
Small-area distributed sources 
Large-area distributed sources 0 
Table 2.5: The contribution of the reseaxch herein to the knowledge of buoyancy-driven 
flows in naturally ventilated auditoria. Ticks (. /) indicate heating scenarios that have 
previously been researched, circles (0) indicate cases that require further study and dots 
(-) indicate axeas of study that are significantly contributed towards by the research 
herein. 
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2.11 Conclusions 
This chapter has discussed the complexities associated with airflows in naturally 
ventilated auditoria and has shown how full-scale studies have not provided a clear 
understanding of the physical processes driving these airflows. Building design gui- 
delines have also failed to do this. Therefore, a systematic approach to the study of 
naturally ventilated auditoria has been proposed and executed. The seating layouts 
of occupants in auditoria have been identified and categorised in order to illustrate 
the various heating configurations that axe possible, with heat sources approximated 
as points, lines and areas. Previous studies, which have used small-scale physical 
models and similar theoretical approximations to model relevant heating configu- 
rations, have been reviewed and discussed. The results have been summarised and 
tabulated to reveal the extent of current knowledge and the gaps in knowledge. 
Large-scale airflow studies have been reviewed and shown to complement the results 
of small-scale studies. Finally, the aims and, objectives of the research herein have 
been presented and justified. 
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Methodology 
3.1 Introduction 
This chapter describes the methodology employed for modelling, at reduced scales, 
the airflows driven by localised sources in auditoria. The details of equipment and 
the setup procedure are described in section 3.2, followed by a description of vi- 
sualisation techniques and data analysis procedures in sections 3.3 and 3.4. The 
similarities between flows at small scale and full scale are discussed in section 3.5 
and alternative modelling techniques axe briefly considered in section 3.6. Finally, 
section 3.7 presents a plan of experiments. 
3.2 Equipment 
Experiments were carried out at small scale using a box constructed from 1 cm thick 
Perspex panels. This was submerged in. a large, glass-sided visualisation tank of 
fresh water to model a naturally ventilated enclosure surrounded by an environment 
of cool air. The box was suspended from a gantry resting on the top frame of 
the tank and horizontally aligned using a spirit level. In approximately one-third 
of experiments, a box was used with dimensions 40 cm width x 30 cm depth x 
30 cm height. This is referred to as Box 1, and is shown in figure 3.1a. In the 
remaining experiments, a box was used with dimensions 50 cm width x 50 cm depth x 
30 cm height. This is referred to as Box 2, and is shown in figure 3.1b. Each box 
contained numerous circular openings in the top and bottom faces, of diameters 
3 cm and 5 cm, referred to, from this point forward, as 'Small' and 'Large' openings, 
respectively. These openings could be individually sealed using plastic plugs to alter 
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Property 
1- 
Box I Box 2 
Box dimensions (cm) 
Width 40 50 
Depth 30 50 
Height 30 30 
Base 
- 
area, sbar (CM 
2) 
T 
1200. 2500 
Non-interacting sources 
Two 
Four V/ 
Entry opening areas, aj,, (cm 2) 
All vents open 
1 
227.77 
1 
573.34 
Exit opening areas, a,,, t (cm 2) 
1 Small vent 7.06 7.06 
1 Large vent 19.63 19.63 
2 Large vents 39.27 39.27 
3 Large vents - 58.90 
4 Large vents 78.54 
8 Large vents 157.08 
Typical time scales with 
two sources, t (min) 
To steady state, t.,, 20 40 
To fill laxge tank, tT 75 75 
Visualisation 
Shadowgraph V/ 
Light-attenuation V 
Table 3.1: Properties of Box 1 and Box 2. 
the total opening axea and represented vents at low and high level in a full-scale 
enclosure. The dimensions and range of opening areas for the two boxes are given 
in table 3.1. 
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Figure 3.1: Diagrams of (a) Perspex Box 1 and (b) Perspex Box 2. The positions of 
ventilation and nozzle openings are shown. 
The use of boxes of different sizes allowed the effect of floor area to be studied, 
without changing the floor to ceiling height. Box 2 allowed flows from more than two 
sources to be studied and ensured greater distances between sources and side walls, 
resulting in smaller interactions between the flows and the enclosure. However, this 
was at the expense of longer time scales to reach steady flow conditions, which was 
the main disadvantage of Box 2 compared to Box 1. 
3.2.1 Buoyancy sources 
Localised sources of heat were modelled by introducing salt solutions through nozzles, 
of exit diameter 0.5 cm, designed to produce a turbulent flow within one or two exit 
diameters from the source, Hunt & Linden (2001). The laboratory sources, there- 
fore, introduced a volume flux that is not present in full-scale heat sources. However, 
at a non-zero distance, z, from any source the volume flux, Qj, in the plume driven 
by the source is non-zero, as shown by (2.15) on p. 45, due to the entrainment of sur- 
rounding fluid. The volume flux in the plumes driven by the nozzles was, therefore, 
representative of the volume flux in the plumes driven by localised heat sources such 
as human beings, see figure 3.4 on p. 71. 
The nozzles were constructed from a section of 1.4 cm internal diameter rigid 
plastic piping containing a 1.5 cm deep expansion chamber at the exit end, figure 3.2. 
Fluid was forced into the chamber through a 0.1 cm diameter orifice and discharged 
at the other end through the exit orifice via a wire mesh. The sharp expansion 
excited turbulence within the flow, which was further excited by the wire mesh. 
The effectiveness of this design was demonstrated by Hunt & Linden (2001). 
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Figure 3.2: 'Nozzle section. The arrows indicate the direction of flow through the nozzle. 
The nozzles were attached to the top face of the Perspex box using plastic collars 
that allowed the nozzles' vertical position to be varied. Steady flows of salt solution 
were supplied to the nozzles from constant head tanks positioned above the tank 
via in-line flow rate meters. The constant head tanks were divided into two com- 
partments of different size., separated by a vertical barrier, as shown in figure 3.3. 
The large compartment contained a reservoir of salt solution from which fluid was 
pumped continuously into the small compartment using a submerged 10 W Hozelock 
water fountain pump, driving a flow rate of 7.5 I/min. The solution was allowed to 
fill the small compaxtment and flow over the barrier into the reservoir, thus main- 
taining a constant head in this part of the tank. Reinforced plastic hosing of I cm 
diameter was used to transport fluid from the constant head tanks to the flow rate 
meters and nozzles. Reserve supplies of salt solution were stored in large tubs at 
floor level and were used to refill the high-level reservoirs with the aid of submersible 
280 W Clarke CSWIA pumps, driving a maximum flow rate of 135 I/min. 
Salt solutions were created by mixing measured quantities of fresh water and 
cooking salt to achieve the required densities. In experiments requiring many tubs 
of uniform salt solution, into each tub were emptied fifty large measuring cylinders., 
each of volume 2.43 1, filled to the brim with fresh water, totaling 121.5 1. Known 
weights of salt, measured using an electronic. EKS weighing scale to an accuracy of 
IX 10-3 kg, were then added to the water and mixed by hand. 
In experiments using Box 1, density measurements were made using an Anton 
Paar DNIA 35N hand-held density meter, to an accuracy of 1X 10-4 g/CM3.11, 
opening 
Wire 
mcsh 
0.1 cm dia. 
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Figure 3.3: Schematic of constant head tank, control valve and flow rate meter. Note that 
the actual inflow from the pump into the constant head compartment and the outflow to 
the needle valve was not aligned. 
experiments using Box 2, this was upgraded to an Anton Paar DMA 4500 tabletop 
density meter, with an accuracy of 1x 10-5 g/CM3. 
To aid flow visualisation and enable the use of light-attenuation techniques, Ha- 
cker et al. (1996) and Cenedese & Dalziel (1998), neutrally-buoyant coloured dye 
was added to the salt solutions. Experiments involving the use of the shadowgraph 
technique alone did not require precise concentrations of dye, and it was found that 
clear visualisations were achieved with the use of approximate measures of food 
colouring, supplied by Rayner k Co. Ltd. The concentration of red or blue food 
colouring used was 0.36 ml per litre of salt solution; for green food colouring this was 
3.64 ml per litre. The colour of dye used in these experiments indicated the strength 
ratio of the sources. Experiments using the light-attenuation technique did. howe- 
ver, require the addition of precise quantities of dye with known light attenuating 
properties, and for these reasons methylene blue was chosen. A sample of blue dye, 
of concentration 10 g/l, was created by mixing methylene blue powder, weighed to 
an accuracy of 1x 10' kg using an electronic scale, with a volume of distilled water, 
measured using a burette to an accuracy of 0.1 ml. Dyed salt solutions were then 
created by adding 24.3 ml of the sample to the salt solution in the tub. 
In cases where different source concentrations were required in the same expe- 
riment, the tub containing the denser solution was prepared as described above. A 
weaker solution was created in a second tub by transferring a known volume of fluid 
from the first tub, and adding fresh water using a measuring cylinder. 
3.2.2 Plume source corrections 
Care was taken to ensure that the plumes driven at the sources were 'pure'. as 
defined by Morton (1959), in order to exactly model the finite-area nozzle orifices 
as points in the theoretical model. Morton (1959) described the conditions at the 
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source of a plume (referred to herein as Plume i) as a function of source volume 
flux, QjO, source momentum flux, Mio, and source buoyancy flux, Bi. In general, 
for Plume i, the volume flux, Qj, is the volume of fluid released per unit time, with 
units cm 3/s. The momentum flux, Ali, is a kinematic parameter, defined as the 
momentum of fluid released per unit density per unit time. This is a product of 
the volume flux and the flow velocity, and has units cm 4/S2 . The buoyancy flux, 
Bi, is a measure of the excess heat released by the plume through any horizontal 
plane, hence it is a constant. The buoyancy flux is defined as the product of the 
volume flux, Qj, and the reduced gravity of the plume, Gi, at any location, the latter 
expressed by 
gpo - 
pz 
PO 
where p.. is the density of the plume at a vertical distance z from the source and po 
is a reference density, cf. (2.14) on p. 45. The expression (3.1) has units CM/S2and 
gives the acceleration of the plume relative to an ambient with a reference density. 
The units of buoyancy flux, Bi = QjG'j, are, therefore, cm. 4 Is 3. 
Morton (1959) defined a parameter, ]Pi, as a function of the above fluxes which, 
for top-hat profiles (see section 5.2, p. 112), is given by 
ri = 
5 Qi20 Bi 
8a7r1/2 5/2 M, 10 
(3.2) 
where a is the coefficient of turbulent entrainment into the plume. Plumes with an 
excess of momentum flux at the source result in o< ri <1 and are termed 'forced', 
while plumes with a source momentum flux deficiency, giving IPi > 1, are termed 
'lazy'. Pure plumes have a source buoyancy-, volume- and momentum-flux balance 
giving ri = i. 
Morton (1959) showed that it is possible to model buoyant plumes, emerging 
from finite-area sources with non-zero volume and momentum fluxes, as originating 
from 'virtual' points with zero volume and momentum fluxes located some vertical 
distance from the actual sources. Asymptotic solutions were provided for the loca- 
tions of virtual sources for forced and lazy plumes, and were further developed by 
Morton & Middleton (1973) and Hunt & Kaye (2001). The solution for pure plumes 
is exact and for this reason pure plume source conditions were established during 
experiments to simplify the complementary theoretical analysis. This was achieved 
through the use of a 0.5 cm nozzle outlet diameter in all experiments and selecting 
source densities and flow rates that gave IPi = 1. The procedure of modelling the 
laboratory sources herein as points is referred to as the 'virtual origin correction', 
and predictions of the distance between the actual source and the virtual origin are 
taken directly from Hunt & Kaye (2001). Details are found in section 5.5 (p. 114). 
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(a) 
6 
(b) 
Figure 3.4: Schematics showing (a) a nozzle and (b) a hunian being driN, ilw a phinle. In nn 
each case, the plume has non-zero volume flux, Qi, downstream from the source. 
Heat sources with zero source momentum flux, e. g. human beings, result in 
Fj = oc and the location of the virtual origin of the plume coincides with the actual 
source. In the case of human beings, the position of the actual source is difficult 
to estimate. due to the difference in height between the head and shoulders, and is 
taken to be at shoulder level. The occupants in full-scale auditoria are, therefore. 
represented by smal-l-scale sources in the laboratory as shown in figure 3.4, 
3.2.3 Flow rate meter calibrations 
Precise volume flow rates through the nozzles were achieved using needle valves 
and gravity-driven variable-area in-line flow rate meters, consisting of a spherical 
stainless steel float within a tapered plastic vane, as shown in figure 3.3. Liquid 
flowed through each flow meter in an upward direction, creating a force that was 
equal and opposite to the weight of the float at different heights within the vane. 
depending on the volumetric flow rate. When measured against a scale printed on 
tile front of the flow meter, the vertical position of the float revealed the flow rate 
through the device. The flow meters used were made by Cole Parmer and had a 
range of 25-225 cm'/rriin, calibrated for fresh water. 
The use of salt solution increased the buoyancy of the float relative, to the pas- 
sing fluid, causing the flow meters to overestimate flow rates, and requiring manual 
calibrations to be performed for the conversion of flow meter readings into actual 
flow rates. Calibrations were carried out for every density of salt solution us(, .d in 
the experiments, by recording the time to fill a graduated measuring cylinder at a 
fixed flow rate displayed by the flow meter. The actual flow rate was inferred from 
the quantity of fluid collected and the time taken, and plotted against the displayed 
flow rate. This was repeated at regular intervals across the range of the flow meter. 
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producing calibration plots which showed linear trends. These plots are shown ill 
appendix A (p. 280), together with the linear fits that were applied to each. The 
flow rate measurements were accurate to 0.05 CM3 /S. 
3.2.4 Ventilation openings 
To minimise the mixing induced by the inflow, the area of the entry vents, aj, was 
relatively large compared to the area of the exit vents, a, &, Coffey & Hunt (2004a) 
- typically by a factor of 4. The maximum entry opening area was achieved bY 
removing the plugs from all the openings in the top face of the box, creating ail 
opening area ratio R=a,,, t/ain of less than 0.28 in all experiments. 
The exit vents on the bottom face were located away from the centrelines of 
the plumes, ensuring that the vertical momentum of fluid within the plumes did 
not interfere with the outflow. This allowed buoyant fluid to collect within the box 
by preventing a 'short circuiting' of fluid flowing from the plumes directly out of 
the box vents. The smallest exit opening area was achieved by opening a single 
Figure 3.5: Diagrams showing the locations of ventilation openings in (a) Box I and t5 
(b) Box 2. Slender. green arrows and the circled letter 'S' denote the locations of 'Small' 
ventilation openings. of diameter 3 cm. Wider, blue arrows and boxed numbers denote 
the locations of 'Large' openings, of diameter 5 cm. Large openings were opened in the 
numerical order shown. 
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I Small I Large 2 Large 3 Large 4 Large 8 Large 
Number and size of exit vents 
Figure 3.6: Exit opening axeas, a,,, t, achieved in experiments through the removal of plugs, 
as indicated in figure 3.5. 
-Small' vent, of area 7.06 cin 2, close to the front face of tile box. Larger exit opening 
areas were created by closing the Small vent and opening one or more of the 'Large' 
vents, each of area 19.65 cm 2. The use of exit vents of different sizes was avoided 
to create similar conditions at all tile exit vents. This was necessary because tile 
ratio between opening thickness and opening diameter, which varied between tile 
Small and Large vents, had implications for the discharge properties of the vents, 
Ward-Smith (1980). This is explained in more detail in section 5.8 (p. 118). 
Opening areas requiring multiple exit vents were always achieved by opening 
Large vents in the order shown in figure 3.5. Whilst the opening order did not have 
any impact on the steady flows achieved, these details are given for completeness 
(they may prove useful in future research when tile transients are examined). The 
total exit opening areas used in experiments are shown in figure 3.6 and correspond 
to the opening of vents indicated in figure 3.5 and table 3.1. 
3.2.5 Setup procedure 
Once all the air had been purged from the tubing and nozzles, the required flow 
rates were set at the flow meters with the nozzles disconnected from the box. The 
purpose of this procedure was to ensure that the required volume flow rates were 
achieved at the nozzles the instant the experiment began. Valves were then closed to 
stop the flow and the nozzles were pushed through the collars at the top of the box 
to the required elevations. Following this, plastic plugs were removed from the top 
and bottom faces of the box to achieve the required entry and exit opening areas. 
When released, the turbulent flow of salt solution from the nozzles drove negatively- 
buoyant plumes that descended within the box, entraining the surrounding water. 
The plumes drove steady flows consisting of a layer of fresh water at the top of the 
box, and one or more layers of denser salt solution below this. 
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The flows were visualised using two techniques: shadowgraph and light-atte- 
nuation. The shadowgraph technique, described in detail by Settles (2001), was 
applied in all experiments by using a collimated light source to project an image 
of the Perspex box onto a sheet of drafting film, affixed with tape to the front face 
of the visualisation tank. The film was 50 micron Unotrace double-matt drafting 
film and the light source was a 330 W ELMO Onmigraphic 253-E slide projector, 
typically located between 4m and 7m behind the rear face of the visualisation tank 
and aligned with the center of the box. The projected image clearly showed density 
interfaces within the box due to the different refractive indices of fresh water and salt 
solutions. Interfaces between layers showed up as dark and light horizontal bands, 
enabling precise height measurements to be taken. The transient flow patterns 
were clearly visible in addition to the steady state. This technique has been used 
successfully by a number of researchers to visualise flows driven by localised sources, 
including Linden et aL (1990) and Cooper & Linden (1996). The light-attenuation 
technique was used only in experiments with Box 2 and is described in detail in 
section 3.4. 
3.3 Shadowgraph experiments 
Experiments in Box 1 used the shadowgraph technique only and were filmed using a 
Canon XMS digital video camera, with a resolution of 320,000 pixels, recording to 
a mini cassette. The camera was placed on an adjustable Manfrotto #058 tripod, 
levelled and aligned with the centre of the box, at a distance of 3.0 m from the front 
face of the visualisation tank, as shown in figure 3.7a. 
Before the start of an experiment, the visualisation tank was filled with fresh 
water and disturbances were allowed to settle. The temperature of the fresh water 
was equal to the temperature of the salt solutions. A fluid sample was then taken 
from within the Perspex box using a needle syringe, and its density measured using 
the hand-held density meter. Filming was then commenced and, after ten seconds, 
valves were opened to release the flow of salt solutions through the nozzles, thereby 
starting the experiment. Horizontal layering of fluid was observed within approxi- 
mately 2 minutes. Density measurements were recorded for fluid samples taken from 
the middle of each observed layer, at 5 minute intervals, and the experiment was 
stopped after the densities of the layers had reached a steady state, usually after 
approximately 20 minutes (time scales to steady state were informed by the theore- 
tical analysis of Hunt & Kaye (2004)). Filming ended a few seconds after the supply 
valves were closed. The tank was then emptied, refilled and nozzle positions and 
opening areas were adjusted in preparation for the next experiment. 
Video recordings were converted to electronic movies (. mlv file fonnat) and com- 
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Figure 3.7: Schematics of experimental setups in elevation for (a) shadowgraph experi- 
ments using Box 1, and (b) light-attenuation and shadowgraph experiments using Box 2. 
pressed using Pinnacle Studio version 8. Images of individual frames were captured 
from the movies using Movie Snapshot version 0.4, written by Falk Petro, and trim- 
med to show only the box interior, using Microsoft Office Picture Manager. Interface 
heights were then extracted using the co-ordinates of the mouse pointer displayed 
on the screen and recorded on a Microsoft Excel spreadsheet. 
3.4 Light-attenuation experiments 
Experiments in Box 2 focused on the use of the light- attenuation technique to visua- 
lise and obtain quantitative measurements of the transient flows leading to steady 
state. Additionally, a number of images were captured at steady state. at the end 
of experiments, using the shadowgraph technique. It is worth noting that there was 
3.0 
- Inflow 
Large Perspex box 
Outflow 
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nothing special about Box 2 that enabled the light-attenuation technique over Box 1, 
rather, the technique became available at around the same time as the construction 
of Box 2 was completed. 
The light-attenuation technique exploited the absorption of light by dye as it 
passed through the box, using the observed intensity to determine the concentration 
of dye used originally to stain the plume fluid. Once a dye calibration had been 
carried out, the concentration could be used to determine the ('deptW-averaged) 
density of the fluid. The technique required the Perspex box to be lit from behind 
using a diffuse light source. This was achieved with a light box consisting of fourteen 
70 W high-frequency fluorescent neon tubes attached to a rigid steel frame with 
dimensions 136 cm width x 30 cm. depth x 230 cm height. The frame was clad with 
semi-transparent opal Perspex to create a relatively uniform screen of diffuse light. 
The light box was positioned directly behind the rear face of the visualisation tank, 
as shown in figure 3.7b, and provided approximately uniform and steady lighting 
- although a flicker was detectable through the image analysis software described 
below. 
Box 2 was filmed using a highly sensitive, black-and-white JAI CV-lvf4+CL CCD 
camera, with a resolution of 1380 x 1030 pixels, connected to a desktop PC via a 
Bitflow R3-PCI-CL23 frame-grabber card. The camera was placed on a tripod at a 
distance of 3.0 m from the front face of the visualisation tank, and vertically aligned 
with the inside bottom face of the box. This minimised the amount of parallax 
within dense layers of fluid at the bottom of the box and made the inside bottom 
face invisible to the camera. Parallax at interfaces was resolved geometrically, as 
described in subsection 3.4.5. 
Images of experiments were captured, stored and analysed by image processing 
software Digiflow version 1.1.0, written by DL Reseaxch Partners. This software was 
a development of an earlier system named DigImage, Dalziel (1993), and performed 
pixel-by-pixel image analysis based on the light intensity received at each pixel, 
recorded as an integer between 0 and 255. A light intensity of zero gave a pixel 
intensity of 0, whereas intensities above the detectable range of the camera gave an 
intensity of 255 (saturation). The camera sensitivity and, therefore, the saturation 
point, could be adjusted to maintain pixel intensities within the detectable range. 
During processing, the intensities were normalised to the range 0<I<1. 
3.4.1 Dye calibration 
The absorption of light by the dyed salt solution was a function of both the dye 
concentration and the wavelength of light, as the solution absorbed different wave- 
lengths in different ways. Cenedese & Dalziel (1998) described how, for a given dye, 
it is possible to use a filter to select a range of wavelengths where the absorption is 
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approximately independent of wavelength. This was exploited in the experiments of 
Allgayer (2007), who placed a red filter over the camera lens when using methylene 
blue as a dye in salt solutions, resulting in an approximately exponential relationship 
between the dye concentration and the light intensity detected by the camera. 
Since dye concentrations are related to the amount the light is attenuated on 
reaching the camera, not the absolute intensities, the first step in the image analysis 
involved converting pixel intensities to attenuated quantities. Using Digiflow, the 
normalised intensities, I, at each pixel location in images captured after the start of 
an experiment were divided by the intensities of corresponding pixels from a time- 
averaged 'background' image taken before the start of the experiment, 10, producing 
'background-corrected' intensities, IBC = 1110, Hacker et al. (1996). These were 
related to the concentration of dye, CD, in the solution by 
CD 
= KD x In 
IBc, (3.3) 
where KD is a constant. The value of KD was determined by carrying out a dye 
calibration. Box 2 was found to be impractical for this purpose, as the ventilation 
openings in the top face of the box impeded the mixing of dye within the box, as 
required for the calibration. Instead, an open-topped 50 cm width x 50 cm depth x 
50 cm height glass tank was used. This was placed on a table in front of the visua- 
lisation tank, filled with fresh water to a depth of 40 cm and backlit using the light 
box. Filming was commenced, capturing images every ten seconds. At 2 minute 
intervals, 0.25 ml quantities of 0.01 g/ml methylene blue, measured using a burette, 
were added to the water and thoroughly mixed with a plastic stirrer. The concen- 
tration of dye was, therefore, known at each time step. This was repeated until 
the images stopped showing a visible change in light intensity, i. e. the water was 
saturated with dye. A background correction was performed, producing a sequence 
of images representing the light attenuated for a given dye concentration. Images 
showing well-mixed conditions at each dye concentration were then extracted, trim- 
med, and the mean pixel intensity for each was determined. The mean intensities 
were plotted against the corresponding dye concentrations, as shown in figure 3.8. 
A straight line was fitted through points in the range 0 :5 CD :52.1 X 10-7 g/CM3, 
passing through the origin, with a goodness of fit of R2=0.9978. This produced a 
calibration constant of KD = 7.0 x 10-8 which, substituted into (3.3), gave 
CD = -7.0 x 10-8 In IBc. (3.4) 
Care was taken to ensure that the dye concentrations in all experiments fell within 
this, approximately linear, range of the calibration plot. This was achieved with the 
use of appropriate concentrations of fluid at the plume sources. 
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Figure 3.8: Dye calibration plot of dye concentration, CD, against background-corrected 
intensity, IBC. Solid black line: CD = -7.0 x 10-8 In IBC. Dashed red lines: extent of 
approximately linear region, CD = 2.1 x 10-7 g/cm3 and - In IBC = 3. 
Once known volumes of salt solution and dye had been mixed in the tubs and 
introduced into Box 2 through the nozzles, the depth-averaged concentrations of dye 
at any point within the box could be determined using (3.4). It was possible to apply 
(3.4) directly since the depth of the tank used for carrying out dye calibrations was 
identical to the depth of Box 2. The fact that the dyed salt solution was introduced 
into fresh water also meant that the concentration of dye was directly proportional 
to the reduced gravity of the fluid at each point, with respect to fresh water. With 
the aid of an additional calibration, described in the following section, it was possible 
to infer the depth-averaged density of fluid at any point in the box. 
3.4.2 Experimental procedure 
Before the start of an experiment, the light box was allowed to warm up for at least 
one hour and reach a steady brightness. Image capture was then commenced at 
a rate of one frame every 10 seconds. After twenty 'background' images had been 
captured, the experiment was started. Image capture continued uninterrupted for 
1 hour, or until the layer of salt solution discharged from the box into the visualisa- 
tion tank rose to the level of the box, see : figure 3.7, altering the external densities 
at the exit vents. This was a sufficient time for the flows to reach steady state in 
all experiments, as described in section 4.6 (p. 106). Flow rates at meters and salt 
solution levels in the high-level reservoirs were checked periodically and maintained 
at required levels. Before the end of an experiment, fluid samples were taken from 
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within each layer using needle syringes, in full view of the camera. Their densities 
were measured directly using the table-top density meter. This enabled the precise 
calibration of captured images to be carried out during the analysis of results. 
After taking the fluid samples, the light box was switched off and moved from 
its location behind the visualisation tank. New lighting conditions were established 
using the slide projector. A sheet of drafting film was temporarily affixed to the 
front face of the tank, creating a shadowgraph, and the camera focus and aperture 
were adjusted to provide cleax images in Digiflow. Approximately five frames of 
shadowgraph images were taken, after which image capture was stopped and valves 
were closed to terminate the supply of salt solutions to the nozzles. The visualisation 
tank was then emptied of water. 
During the emptying and refilling of the tank, nozzle positions were adjusted, 
vent plugs were added or removed as required for subsequent experiments, and the 
light box and camera were prepared for light-attenuation visualisations. Sequences of 
captured images were stored for analysis as movie (. mov) files, whereas shadowgraph 
images were stored in black-and-white, and false colours were applied to all other 
images. 
3.4.3 Image processing 
The first stage of image processing involved cropping movies to show only the front 
face of the box, and correcting for the slight flickering in the light intensity output 
by the light box. The latter was achieved by adjusting the intensities of all frames 
in movies with reference to a light and dark region on the image, so that the ave- 
rage intensities of these regions on each image matched. This 'intensity matching' 
procedure reduced the amount of visible flickering, but was unable to remove it 
completely. 
Following intensity matching, the twenty 'background' images gathered at the 
start of experiments were averaged in time to produce a single background image 
in dfi format. It was found that this number of images produced a very clear time- 
averaged background image. The intensity of each pixel, on every frame of intensity- 
matched movies, was then divided by the intensity of the corresponding pixel on 
the background image, producing 'background-corrected' movies that showed the 
amount of light-attenuation at each pixel caused by the dye. The movies were then 
cut, retaining only the frames covering the period from the initial release of fluid 
from the nozzles, to the taking of steadyý-state density samples. 
Vertical light-attenuation profiles were extracted from individual frames of mo- 
vies by averaging the intensities of pixels across the width (left to right) of a window 
cut from each frame, producing a column of pixels. The window covered the full 
height of the box and was drawn away from the plumes, plume impact regions and 
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side walls. The most suitable location was found to be between a plume and side 
wall, with the width of the window confined to regions where the flows were observed 
to be horizontally homogenous. The size and location of the window was identical 
for all images taken from a given movie although the results were not sensitive to 
the precise choice of window due to the homogeneity of flows. Pixel columns from 
consecutive frames were plotted side-by-side as a time series to reveal transient verti- 
cal light-attenuation profiles for each experiment, with pixel intensities indicated by 
a colour scale, see section 4.5 (p. 103). This process also showed when steady state 
was reached, as described in section 4.6 (p. 106). Light-attenuation profiles were 
then converted into density profiles once the relationships between pixel intensities 
and fluid densities had been established. 
3.4.4 Density calibration 
Density calibrations for each experiment were performed by first locating the frames, 
from intensity-matched movies, showing the positions of needles used to extract fluid 
samples at the end of experiments. The average intensities of pixels in the immediate 
vicinities of the needle tips were recorded in an Excel spreadsheet, alongside the 
density measurements of the corresponding fluid samples. The pixel intensities were 
converted to dye concentrations using (3.4), while density measurements were scaled 
on the density of the fresh water layer using 
p 
P-PO 
po 
(3.5) 
where po is the measured density of the fresh water and p the density of the fluid 
sample. 
The ratio of fluid density to dye concentration, J= p'ICD, was determined for 
each sample and plotted on a bar chart. The errors associated with density mea- 
surements, image capture and the preparation of dyed source solutions in the tubs 
resulted in a range of ratios, which changed slightly during the initial stages of the 
project as the author became more proficient at performing the experiments. The- 
refore, samples were plotted in experimental order and divided into groups within 
which there were only small variations in J, and a unique J was determined for 
each 'batch' of experiments. The formula for converting background-corrected pixel 
intensities, IBc, to scaled densities, p, was 
I = -7.0 x 
10-8j In IBC, (3.6) 
where J varied between 27591 and 35285 for experiments with equal sources, and 
between 45057 and 52785 for experiments with unequal sources. 
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Figure 3.9: (a) Interface positions shown by a shadowgraph visualisation of a small-scale 
experiment in Box 2 with equal sources. The left-hand source is level with the top of the 
box and the right-hand source is 10 cm below the top. (b) Interface positions extrapolated 
from a plot of scaled density, p', against dimensionless height, z1H, as output by light- 
attenuation analysis, for the same experiment. The solid lines show the extents of parallax 
bands, with the blue lines indicating the actual positions of interfaces. 
Equation (3.6) was applied to light-attenuation profiles, transforming them into 
density profiles. It was also applied to movie frames at steady state, producing 
images showing quantitative density variations within the box. 
Interface heights were extracted from vertical density profiles using the procedure 
described in the following section. Profiles did not generally show step changes 
in density at interfaces, but rather regions where the densities changed gradually 
between layers, as shown in figure 3.9b. This smeaxing of the profiles was due to the 
dynamics of the plumes in the box and the effects of parallax, as observed from the 
vantage point of the camera, impeding the precise location of interfaces. 
3.4.5 Parallax errors 
The position of the camera, level with the bottom face of the box, resulted in parallax 
'bands' on images of experiments, due to the perspective of the box from the position 
of the camera. The actual interfaces were located along the upper boundaries of the 
paxallax bands, as shown by figures 3.9 and 3.10. The density gradients observed 
within the bands were caused, in the most part, by the attenuation of light bý 
layers of different density. The smearing (occurring as a, result of salt diffusion 
across interfaces, wave-like motions and the mixing driven by plumes during the 
very initial transients) was indicated by the density gradients observed immediately 
above and below the parallax bands. 
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Figure 3.10: Parallax correction. 
Following Sutherland (2002), the approximate position of each interface was 
determined from the recorded density profiles by ignoring the effects of refraction 
through the salt solution within the box. This approximation was justified by the 
good fit of the results with shadowgraph observations. Figure 3.10 shows that, at a 
fixed height, z, measured from the base of the box, the observed parallax extended 
from z to z- dp. The depth of the parallax band, dp, was determined geornetrically 
by considering the viewing angle in degrees, 0, from the camera to the point at 
which a horizontal line at height z intersected the rear face of the box, giving 
,- dp dp 
tan 0= -' - D, 
am 
Lbox. ' 
(3.7) 
where Lb, is the length of the box and D,,,,,, is the distance from the camera to the 
front face of the box. Rearranging (3.7) gives 
dl, =-z 
Lbox 
Dram + Lb,,., 
(3.8) 
This allowed a direct estimate to be made of the depth of the parallax band below 
every pixel on images of experiments, which enabled the automated, computerised 
location of interfaces. 
Using Matlab version 7.1, the gradient at every pixel on the density profile was 
calculated by taking the difference between the average density of the five pixels 
above, and the average density of the five pixels below. The location of the maximum 
gradient was taken to be the centre of a parallax band, at a distance dp/2 below ail 
interface located at a height z, as given by 3.8. After locating one interface, and 
repeating the procedure away from the associated parallax band, a second interface 
could be located. 
This technique provided a consistent means of extracting interface heights from 
density profiles and was used successfully in the analysis of all experiments. Good 
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agreement was observed with measurements from shadowgraph visualisations of the 
same experiments, as seen by comparing figures 3.9a and b. The errors associated 
with estimating interface heights using parallax bands are given in subsection 5.10.2 
(p. 132). 
3.5 Similarity 
For small-scale experiments to be representative and informative of full-scale air- 
flows in auditoria, the geometries of the enclosures, boundary conditions and flow 
dynamics must be similar at both scales. The use of water at small scale to model 
airflows in enclosures has been shown to satisfy the requirements of similarity by 
Lane-Serff (1989), Baker & Linden (1991), Linden et al. (1990) and Hunt & Linden 
(1999), and the experiments herein also satisfied these requirements. 
3.5.1 Geometric similarity 
The most basic scalings concern the geometry of the enclosure. A typical auditorium 
in the Civil and Environmental Engineering department at Imperial College London 
has a height of H. ud =7m and a 
floor area Of Saud = 10 mx 15 m= 150 m2, giving 
a floor area to height ratio Of Saud/Ha2ud = 3.06. This is very close to the geometry 
of Box 2, for which the equivalent ratio was Sb,,,, IH2 = 2.78. Therefore, whilst 
the boxes represented generic spaces, they were representative of the geometry of 
full-scale auditoria. 
Similarities between the shapes of the sources were also satisfied. In experi- 
ments sources were localised and approximated as points, theoretically providing 
convenient models for individuals inside a sparsely-occupied auditorium, where the 
plumes driven by individual occupants do not interact. The majority of experiments 
involved the use of just two sources, on the grounds that the flows in these cases 
are already complex and not well understood. Although auditoria generally contain 
multiple occupants, an understanding was sought first in the case of two sources. 
After this, further experiments were carried out with four sources and attempts 
were made to generalise the findings to an arbitrary number of sources, reflecting 
the conditions in auditoria more closely. In many cases, occupants in auditoria are 
seated in rows, which may be modelled by line sources. However, the scope of ex- 
periments was confined to the study of points, which also allowed the results to 
be directly compared with previous research, for example Linden et al. (1990) and 
Cooper & Linden (1996). Geometrical similarity was, therefore, satisfied for the 
modelling of sparselym-occupied auditoria. 
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3.5.2 Boundary conditions 
The experiments modelled flows in the absence of wind. As a result, there were 
no wind-induced pressures at the vents or relevant Froude numbers to be matched, 
Hunt & Linden (2005). Flows through the plumes and exit vents were low-velocity 
Boussinesq flows, i. e. density differences were relatively small compared with the 
ambient density and the fluids incompressible to a very good approximation. 
Though not a dominant process for the transfer of heat from a boundary, the 
effects of conduction at the walls of enclosures were different at full scale and small 
scale. The Perspex boxes used in experiments were perfectly insulating with respect 
to salt solutions. This is in contrast with full-scale auditoria, which are expected to 
experience some heat losses or gains through the walls, ceiling and floor. The heat 
transfer boundary conditions at surfaces are, therefore, not simulated at small scale, 
Baker & Linden (1991) and CIBSE (2005a). However, it was not the intention to 
study these second-order effects in experiments, as the flows would have become 
too complex to reliably isolate the effects of individual parameters. Also, it is 
generally of benefit, in terms of energy consumption, to construct well-insulated 
buildings, therefore, the laboratory models represent design aims to which well- 
insulated buildings aspire. 
3.5.3 Dynamical similarity 
Dynamical similarity requires that forces acting on corresponding fluid masses are 
related by similar ratios at both scales. This was satisfied in the experiments with 
respect to the inertia through the plumes and vents, the diffilsion at the interfaces 
and the ratio of heat transfers by convection and conduction, as described by Lane- 
Serff (1989) and Linden (1999). The effects of radiation were not replicated in small- 
scale models. The range of source geometries, reduced gravities, velocities and vent 
sizes were similar to those used by Baker & Linden (1991), Linden et al. (1990) and 
Cooper & Linden (1996), who showed that similarity was achieved. However, for 
completeness, the key requirements are reiterated here. 
The key parameters that must be satisfied are the Reynolds number, Re, expres- 
sing the ratio of i, nertial forces to viscous forces, the Peclet number, Pe, expressing 
the ratio of buoyancy transfer by conduction and diffusion, and the Rayleigh num- 
ber, Ra, expressing the ratio of buoyancy transfer by convection and conduction. 
At buoyancy sources and vents the three parameters were expressed as 
Re = 
UD 
7 Pe = 
UD 
and Ra =9 (3.9) ril KV 
where U is the flow velocity at a source or through a vent (i. e. a characteristic 
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Property or parameter Small scale 
I 
Full scale 
Height of enclosure (cm) 30 700 
Kinematic viscosity, v (cm2/s) 1.00 X 10-2 1.45 x 10-1 
Moleculax diffusivity, r. (cm 
2/S) 1.40 x 10-5 1.90 x 10-1 
Typical source 
Diameter, D (cm) 0.50 36.00 
Flow velocity, U (cm/s) 8.91 4.25 
Re 4.44 x 102 1.08 x 103 
Pe 3.18 x 105 8.05 x 102 
Ra 1.41 x 108 8.49 x 105 
Typical entry vent 
Diameter, D (cm) 2.50 100.00 
Flow velocity, U (cm/s) 0.16 12.02 
Re 3.97 x 101 8.29 x 103 
Pe 2.85 X 104 6.33 x 103 
Ra 1.13 x 106 5.24 x 107 
Typical exit vent 
Diameter, D (cm) 2.50 100.00 
Flow velocity, U (cm/s) 3.98 24.04 
Re 9.91 X 102 1.66 x 104 
Pe 7.10 x 105 1.27 x 104 
Ra 7.03 x 108 2.10 x 108 
Bulk parameters 
Re 1.27 x 10' 1.02 x 106 
Pe 9.10 X 107 7.80 x 105 
Ra 1.16 x 1013 7.97 x 1011 
Table 3.2: Key parameters showing that, in general, small-scale experiments were dyna- 
mically similar to full-scale airflows. 
velocity), D is the diameter of the source of vent (i. e. a characteristic length), 
v is a kinematic viscosity and n is a molecular diffusivity. The flow velocity was 
inferred by dividing the volume flux at a source or vent by the area of the source 
or vent. In the case of a human being with a body temperature of T, = 310 K, 
85 
Chapter 3 Methodology 
outputting W= 100 W as described by Linden et al. (1990), in ambient air with a 
density of po = 1.21 x 103 g/CM3, a specific heat capacity of cp = 1.01 J/g/K and a 
temperature of To = 291 K, giving a temperature difference of T, - To = 19 K, the 
source volume flux was expressed as 
fl.: w (3.10) -Cs cp po (Ti - To) * 
The kinematic viscosity of water is v=1.00 x 10-' cm2/s and that of air is v= 
1.45 X 10-1 CM2/S. The molecular diffusivity of salt in water is K=1.40 x 10-5 CM2/s 
and that of heat in air is x=1.90 X 10-1 CM2/S. 
Bulk parameters for the plumes, scaled on the geometries of the enclosures, were 
expressed as 
Re = 
(gbH)112H 
Pe = 
(go 11) 1/2 H 
and Ra = 
g6H3 (3.11) 
V J% J%V 
where gb is the reduced gravity of fluid at the source, given by (2.14) on p. 45 in 
water and go' = (TI - To)lTo in air. The parameters need to be high, i. e. Re > 103, 
pe > 103 and Ra > 10r, to show that the effects of viscosity and diffusion are weak, 
and that fully turbulent convection is taking place. Typical parameters for the 
small-scale laboratory experiments and a full-scale auditorium are given in table 3.2 
and show that, in general, the paxameters were sufficiently high at both scales. 
Similarity considerations show that the small-scale experiments described herein 
were representative of full-scale airflows, There axe, however, a number of alternative 
small-scale techniques available for modelling airflows, which are considered and 
discussed in the following section. 
3.6 Alternative modelling techniques 
Perhaps the most obvious way of generating density differences in water is by hea- 
ting. This has the advantage of not introducing volume fluxes at sources and allows 
for some level of heat transfer at boundaries to be captured by small-scale models, 
although quantifying and controlling this transfer is very difficult. Heating may be 
achieved by circulating pre-heated anti-freeze through pipes at the base of a small- 
scale enclosure, transferring heat to the fluid inside the enclosure and driving line 
sources or distributed sources, Gladstone & Woods (2001). Alternatively, a sealed 
cavity below the base of the enclosure may be filled with hot water, and covered 
with an insulating mat in which holes are cut to limit the locations of heat transfers, 
creating sources of different shapes, Hunt et al. (2002). Water inside the enclosure 
may also be heated directly, using axrays of electrical wires connected to a control 
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unit, Chenvidyakarn & Woods (2005). 
The main drawback of using heated water at small scale is that dynamical simi- 
laxity may not be satisfied at the sources or at the vents. For example, in figure 4b 
of Chenvidyakaxn & Woods (2005), who used this technique, the outflow at a1 cm, 
diameter exit vent looks laminar close to the vent, whereas it was intended to model 
turbulent flows. This shows that the dynamics of plumes driven by temperature 
differences in water may not be representative of full-scale flows, as the turbulence 
is not fully developed close to the sources. A second drawback of using heat sources 
is the difficulty of visualising the flows. Since fluid is not introduced at sources, flow 
colouring must be carried out by injecting dye into the buoyant flows. This requires 
skill, is not precise and is not amenable to flow analysis using light-attenuation tech- 
niques. For these reasons, the heating of water was not employed herein as a method 
of studying buoyancy-driven flows. 
The use of fine hydrogen bubbles for modelling buoyancy-driven ventilation air- 
flows at small scale was investigated by Chen et al. (2001). A Perspex box containing 
a circular copper wire anode was submerged in a tank of salt water containing a 
graphite cathode. The anode and cathode were connected to a DC power supply, 
resulting in the formation of approximately 0.1 mm diameter hydrogen bubbles at 
the anode, which rose to form a plume that entrained surrounding fluid. Compari- 
sons with the experiments of Linden et al. (1990) showed good agreement in terms 
of interface heights. 
The simple setup for the fine-bubble technique did not require heating elements 
or constant-head apparatus to maintain steady flow rates at sources, and the build- 
up of buoyant fluid in the large tank was avoided by bubbles leaving the system 
at the water surface. However, this was offset by the need to add salt and sur- 
factant to the water to aid electrical conductivity and minimise the coalescence of 
bubbles. Furthermore, no method was identified for extrapolating vertical density 
profiles from visualisations or for changing the strength of the source. The dynamics 
of interacting micro-bubbles are distinct from that of a continuous phase and the 
laxge density differences between air and water raised questions over whether the 
plume was truly Boussinesq. As a result, this largely undeveloped method was not 
considered any further for the modelling of flows at small scale. 
As an alternative to physical modelling, the use of Computational Fluid Dy- 
namics (CFD) is increasing in popularity in research and industry for modelling 
airflows in and around buildings. The advantages of CFD include the ability to mo- 
del complex enclosure geometries and source conditions, and provide air speed and 
temperature data at many locations throughout the flow field. CFD packages use 
numerical methods to solve the governing equations of fluid motion, in a discretised 
form, at each node of a 'mesh' enveloping the structure under consideration, and 
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are, therefore, computationally expensive and do not provide an indication of the 
inter-relation of each parameter included in the analysis -a key tool in furthering 
understanding. Additionally, CFD often experiences difficulties in modelling pure 
natural convection in buildings, largely due to the lack of knowledge on the boundary 
conditions at openings, which have to be prescribed. For example, Ji et al. (2004) 
compared CFD simulations with the results, of an analytical model and small-scale 
experiments using fresh water and salt solutions, of Holford & Hunt (2003), for 
buoyancy-driven natural ventilation flows in a single-storey enclosure connected to 
an atrium. The effects of conduction and radiation were neglected and an external 
fluid domain was used to avoid prescribing flows at the vents. The CFD results 
showed qualitatively good agreement with experiments for airflow patterns inside 
the enclosure but not the atrium. Quantitative discrepancies were observed in the 
heights of interfaces. 
One of the key issues is that turbulence is not understood, yet CFD packages 
contain numerical approximations to account for the effects of turbulence and, in 
some cases, explicit turbulence models, meaning there can be limited confidence in 
the way CFD models turbulent flow. Previous authors have also noted that the 
choices of 'mesh' design, turbulence model, boundary conditions, initial conditions, 
etc. directly affect the predictions of CFD simulations, with little assurance of 
realistic results without comparisons with physical models, Castro & Graham (1999). 
It is, therefore, important to have a sound understanding of the problem under 
consideration before running CFD simulations. This can be achieved by small-scale 
physical modelling using fresh water and salt solutions as the fluids studied are 
real, as is the turbulence, convection, diffusion, etc. In the context of building 
design, CIBSE (2005 a) emphasised the usefulness of CFD in providing 'snapshots' 
of flow details in a given design, but not for the initial sizing of openings. While 
CFD is recognised as performing a useful role in the design of naturally ventilated 
auditoria, the focus of the present research is on the fundamental physics of the flows 
in the absence of knowledge in this specific area of study. CFD was, therefore, not 
considered an appropriate tool for the modelling of airflows in the research herein, 
however, the results of this research may be used to help guide CFD practitioners 
by allowing them to prescribe realistic boundary conditions. 
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3.7 Plan of experiments 
The small-scale experiments were carried out according to a plan designed specifi- 
cally to fulfil the aim described in section 2.10 (p. 62). 
The first and second alms were fulfilled by carrying out experiments with two 
sources in Box 1 and Box 2. The third and fourth aims were fulfilled using four equal 
sources in Box 2. The specific source and ventilation conditions used in individual 
experiments are described in subsections 3.7.1 and 3.7.2. 
The details of all experiments conducted axe given below for reference purposes, 
so that experiments can be replicated identically. The reader is directed to chapters 
6 and 7 for the results. 
3.7.1 Experiments in Box 1 
Experiments in Box 1 were carried out with two equal sources, 1, and two 
unequal sources, 0 5k 1, at two exit opening areas, shown in table 3.3. The exit 
opening areas were achieved with either 1 Small or 1 Large exit vent. Entry openings 
were achieved with 10 Small and 8 Large entry vents in all experiments. The ratio 
of opening areas, R=a,,, t/ai,,, is given for reference purposes. While the influence 
of R was not considered explicitly in the study herein, there is ongoing research in 
the group led by Dr G. R. Hunt, at Imperial College London, to study the influence 
of this parameter on the flow. Experiments with two equal sources were also carried 
I 
Box I with two sources 
ain a,,. t R 
texp 10 
(CM2) (CM2) 
- (min) =1 
1 
7ý 1 
227.77 
7.06 
19-63 
39.27 
0.031 
0.086 
0.172 
25 
25 
25 
V/ 
Table 3.3: Range of opening areas used in Box 1 experiments with two sources, where ai,, 
is the entry opening area, amt is the exit opening area and R=a,,, t/ai,, is the ratio of 
opening areas. The total running time, t,., p, for each experiment is also shown. Ticks 
indicate source strength ratios, 0, that were studied at each exit opening area. 
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out with 2 Laxge exit vents. However, it was found that the magnitude of mixing and 
wave-like motions on interfaces, observed with 2 Large vents, made the recording of 
interface heights inaccurate. Therefore, only a subset of experiments were carried 
out under these conditions. The duration of all experiments in Box 1 was 25 minutes, 
by which time steady states were achieved. 
The primary focus of experiments in Box 1 was to study the flows driven by two 
sources at seven strength ratios, ?P= B11B2, shown in table 3.4. Different source 
strengths were achieved by using varying flow rates and densities of salt solutions 
Box 1 ki (cm) cý to Qio Bi e 
Source, i 01 51 101 1 (CM/S2) (CM3/S) (CM4/S3) 
1 - - - - - 40.0 1.43 57.0 0.25 
2 100.0 2.28 228.0 
1 V/ - - - - - 40.0 1.43 57.0 0 
2 V, ( V/ V/ 63.5 1.80 114.0 
1 V/ - - - - - 38.0 1.40 53.2 0.75 
2 V/ V V, V/ V/ V 46.0 1.54 70.8 
1 - - - - - 60.0 1.75 105 
2 1/ 60.0 1.75 105 
1 - - - 46.0 1.54 70.8 
2 V/ I/ V/ 38.0 1.40 53.2 
1.33 
1 635 1.80 114 *0 2.00 
2 v V/ / V/ 40.0 1.43 57.0 
1 - - - - - 100.0 2.28 228.0 4.00 
2 40.0 1.43 57.0 
Table 3.4: Source conditions used in primary Box 1 experiments with two sources, where 
the subscript i indicates the source number. For a given source, ki is the source elevation, 
G'jO is the reduced gravity of the source solution and Qjo is the volume flow rate at the 
source. The buoyancy flux, Bi = G'jOQiO, of each source gives the source strength ratio, 
ik = B11B2. Ticks (, /) indicate source elevations that were studied for each set of source 
conditions. 
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at the nozzles, while maintaining pure plumes. In all experiments, Source 1 was 
on the floor of the box, with an elevation of k, =0 cm. The elevation of Source 2 
was varied between k2 =0 cm and k2 = 25 cm in 5 cm increments. Therefore, the 
flows driven by two sources, at each of the seven strength ratios, were studied at six 
elevations of Source 2 and two exit opening areas, giving eightyý-one experiments. 
The flows driven by two sources on the floor were equal at source strengths '0 and 
1/0, so experiments were not duplicated in these cases. 
In addition to the six experiments carried out with two equal sources and 2 Large 
exit vents, a subset of experiments was carried out at the elevations of Source 2 
shown in table 3.5. These were run with either 1 Small or 1 Large exit vent to 
enable a detailed analysis of flow regimes to be carried out (see section 4.3, p. 98). 
Furthermore, a subset of experiments was carried out at a source strength ratio of 
,0=3 to fill the gap between results at 2 and 4. In total, thirty additional 
experiments were carried out. 
Box 1 ki (cm) to Qio 
Bi 
Source, i 0 
1 
2.5 
15 1 
7.5 
110 (CM/S2 ) (cm'/s) (cm"/s') 
1 - - - - 44.0 1.50 66.0 
2 - - - 53.0 1.65 87.5 
0.75 
1 60.0 1.75 105.0 1.00 2 - - - 60.0 1.75 105.0 
1 -w/ - - - - 53.0 1.65 87.5 
2 - - - 44.0 1.50 66.0 
1.33 
1 - - 68.5 1.87 128.1 
2 1( - 43.0 1.49 64.1 
2.00 
1 - - - - 89.5 214 191.5 
2 V, I/ I/ 1/ 43.0 1.49 63.9 
3.00 
1 111.0 2.38 264.2 
2 44.0 1.50 66.0 4.00 
Table 3.5: Source conditions used in additional Box 1 experiments with two sources. 
Emphasis was placed on studying small elevations of Source 2 and flows at a strength 
ratio of ip =I 
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3.7.2 Experiments in Box 2 
The focus of experiments in Box 2 was on airflows driven by equal sources. Experi- 
ments with two equal sources, 0=1, were carried out at six exit opening areas and 
experiments with two unequal sources, 0 34 1, were carried out at three exit opening 
axeas, table 3.6. Disturbances at interfaces were observed to be much smaller than 
in Box 1, as a result of the increased floor area, permitting flows at a greater range 
of opening areas to be studied. The durations of experiments were limited by the 
time taken for the large visualisation tank to fill with salt solution from the outflow 
of Box 2, up to the level of the bottom face of the box. For exit openings created 
by opening up to 3 Laxge vents, the durations of experiments were 60 minutes, de- 
creasing to 20 minutes in the case of 8 Laxge exit vents. However, steady flows were 
achieved in all experiments within the allotted times. 
I 
Box 2 with two sources 
ain a,,, t R texp 10 
(CM2) (CM2) 
- (min) 
7.06 0.012 60 
19.63 0.034 60 
39.27 0.068 60 573.34 58.90 0.103 60 
78.54 0.137 40 V/ 
157.08 0.274 20 v 
Table 3.6: Range of opening areas used in Box 2 experiments with two sources. 
Experiments involving two sources examined the flows at three source strength 
ratios, with Source 1 on the floor, k, =0 cm, and Source 2 at six elevations in 
the range 0 cm -< 
k2 :5 25 cm. The source conditions that were used are shown in 
table 3.7, giving a total of seventy-two experiments carried out at the various exit 
opening areas. 
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Box 2 ki (cm) I Gio QiO Bi V) 
Source, 1 5 
1 
10 115 120 F25 (CM/S2) (CM3/S) (CM4/S3) 
1 - - - - - 42.0 1.44 60.3 
2 1/ v V/ 86.0 2.10 180.6 
0.33 
1 63.0 1.80 113.4 
2 63.0 1.80 113.4 1.00 
1 - - - - - 86.0 2.10 180.6 
2 V/ V/ V/ 42.0 1.44 60.3 
3.00 
Table 3.7: Source conditions used in Box 2 experiments with two sources. 
Experiments with four equal sources focused on airflows driven by the sources at 
equal vertical separations. Experiments with this source configuration were carried 
out at six exit opening areas, shown in table 3.8. Flows driven by four sources at two 
elevations were also studied at the two smallest exit opening areas. The durations of 
experiments with 3,4 and 8 Large exit vents were shorter in the case of four sources 
than in the corresponding cases of two sources, because the large visualisation tank 
filled up more quickly due to the greater flow rate driven through the exit vents by 
four sources. Nevertheless, steady flows were achieved in all experiments. 
Box 2 with four sources 
ain a,,,, t R texp Elevat ons 
(CM2) (CM2) 
- (min) Multiple 
FT-Wo 
7.06 0.012 60 V/ I/ 
19.63 0.034 60 v 
573.34 39.27 0.068 60 58.90 0.103 40 
78.54 0.137 30 
157.08 0.274 15 
Table 3-8: Range of opening areas used in Box 2 experiments with four sources. 
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The source conditions used in Box 2 experiments involving four sources are shown 
in table 3.9. In all cases Source 1 was on the floor of the box. In the case of four 
sources at multiple elevations, experiments were carried out with Source 4 at six 
different elevations, with Source 2 at one-third of the elevation of Source 4, and 
Source 3 at two-thirds of the elevation of Source 4. In the case of four sources on 
two levels, the number of sources on the floor, n, and the number of elevated sources, 
m, was varied, as indicated by the ratio ý=n: m. Flows driven by sources at four 
elevations were studied, without duplicating experiments with all the sources on the 
floor. In total, sixty experiments were carried out using four equal sources. 
Box 2 ki (cm) 
I 
Gsýo QiO Bi 0 
Source, i 0 
15 110 115 120 125 (CM'/s) (cm"/s') 
1 - - - - - 63.0 1.80 113.4 
2 . . . . . 63.0 1.80 113.4 
3 V/ . . . . . 63.0 1.80 113.4 
4 V v v 63.0 1.80 113.4 
1 V - - - - - 63.0 1.80 113.4 
2 V I/ V/ v - 63.0 1.80 113.4 1: 3 
3 V/ v V v - 63.0 1.80 113.4 
4 -/ V/ I 
V -/ I - 
63.0 1.80 113.4 
1 - - - - - 63.0 1.80 113.4 
2 v - 63.0 1.80 113.4 
3 1( V 63.0 1.80 113.4 
2: 2 
4 V/ I V/ 
63.0 1.80 113.4 
1 V - 63.0 1.80 113.4 
2 V/ - - - - - 63.0 1.80 113.4 3: 1 3 V/ - - - - - 63.0 1.80 113.4 
4 - v V/ - 63.0 1.80 113.4 
Table 3.9: Source conditions used in Box 2 experiments with four sources. The source 
distribution ratio, ý=n: m, indicates the ratio between the number of sources on the floor 
of the box, n, and the number of elevated sources, m. Ticks (. /) indicate source elevations 
that were studied for each set of distributions. Dots (-) indicate source configurations 
in which Source 2 and Source 3 were, respectively, at one-third and two-thirds of the 
elevation of Source 4. 
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3.8 Conclusions 
This chapter has provided a detailed description of the experimental method used to 
model full-scale airflows in auditoria using salt solutions to create localised buoyancy 
sources in water at small scale. Similarity considerations in previous research have 
shown that, under controlled conditions, flows at both scales are similar with res- 
pect to geometry, boundary conditions and flow dynamics. The idealisations and 
assumptions made by the modelling technique have been discussed and shown to 
be appropriate to the study of convective airflows driven by buoyancy differences. 
Finally, a plan of experiments has been presented to target the objectives set out in 
chapter 2. 
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Visual analysis of results 
4.1 Introduction 
This chapter describes the preliminary scoping experiments that were carried out 
before the detailed programme of experiments, described in section 3.7, was embar- 
ked upon. This is followed by a predominantly qualitative, visual analysis of all 
the experiments, identifying general flow features that are not discussed in results 
chapters 6 and 7. 
Section 4.2 establishes a labelling convention, used for the description of results 
and the formulation of a theoretical model. This is followed by an identification of 
the vaxious types of flows established, in section 4.3, and a compaxison of results 
with previous reseaxch in section 4.4. Transient flows and the times taken to reach 
steady state axe discussed in sections 4.5 and 4.6, respectively. The significance of 
the order of activation of sources is investigated in section 4.7, and the effect of 
changing the absolute strengths of the sources is discussed in section 4.8. Finally, 
section 4.9 presents an experimental method for isolating and studying a key flow 
feature identified as a result of the visual analysis. 
4.2 Labelling convention 
The various properties of the experimental setups and flows are labelled using a 
convention based on the system used by Cooper & Linden (1996), figure 4.1. All 
experiments are described and analysed in an inverted laboratory frame, assuming 
positive sources of buoyancy, and are presented inverted in all visualisations. The 
bottom face of the box, as presented in visualisations, is referred to as the 'floor' 
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Figure 4.1: Schematic showing the labelling convention used in the analysis of experiments. 
Note that Source 1 is located on the floor and, therefore, has a elevation of k=0 cm. 
and the, top face as the 'ceiling'. The ventilation openings located in the floor are 
the 'entry vents', with a total opening area of ai,, (cm2) . The openings in the ceiling 
are the 'exit vents', with a total opening area of a,, t (cin'). The vertical distance 
between the entry and exit vents is denoted H (ern) and is referred to as the 'box 
height'. 
The source located on the left-hand side of images is referred to as Source 1, with 
buoyancy flux Bi (em'/s'), and drives Plume 1. Source I was located on the floor 
of the box in most experiments, at an elevation of k, =0 (cm) from the floor. The 
source to the right of this is referred to as Source 2, with buoyancy flux B2 (cm 4 /S 3), 
and drives Plume 2. The elevation of Source 2 varied between experiments. and its 
vertical distance from the floor of the box is denoted k2 (cm). In experiments 
containing more than two sources, the names, buoyancy fluxes and elevations of 
sources located to the right of Source 2 are labelled in ascending numerical order. 
The layer at ambient density, located just above the floor, is Layer 0 and is 
assumed to be of uniform density with reduced gravity g6 =0 (CM/S2) . The layer 
immediately above Layer 0 is Layer 1, which has an assumed uniform reduced gravity 
91 (CM/s 2) , and is separated from Layer 0 
by Interface 1, at a height hi (cm) above 
the floor. Above Layer 1 is Layer 2, with reduced gTavity 92 ' (CM/S 2), separated from 
Layer I by Interface 2, at a height h2 (cm). Density measurements taken during 
experiments supported the assumption of uniform density in the layers. 
The terms 'elevation', 'level" and 'height' are used interchangeably to describe the 
distances of sources and interfaces from the floor of the box. The term 'depth' is used 
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to describe the vertical distance between two interfaces, or between an interface and 
a solid boundary. In the analysis of experiments exhibiting more than three layers, 
the names and properties of layers and interfaces located vertically above Layer 2 
are assigned in ascending numerical order. 
The total volume flux passing through the entry and exit vents is Qj" and 
Qýt (cm 3/S) , respectively. The volume flux within a plume at the height of an 
interface is denoted Qjj (cm3/s), where i is the source number and j is the inter- 
face number. For example, at the height of Interface 1, the volume flux within 
Plumes I and 2 is Q11 and Q21, respectively, and the volume flux within Plume 2 
at Interface 2 is Q22. The reduced gravity of fluid within the plumes is similaxly 
labelled, for example G"11 and G21 (cm/s'), at Interface 1. When a plume impinges 
on Interface 2 it entrains fluid from Layer 2 into Layer 1, with the volume flux of 
this entrainment across Interface 2 denoted Q* (cml/s). 
Dimensionless parameters are used to denote source strength ratios, '0 = B11B2, 
source elevations, Oi = kilH, and interface heights, Ci = hilH. In the case of 
multiple sources, the ratio of sources on the floor, n, to elevated sources, m, is 
described with a source distribution ratio, ý=n: m. Layer reduced gravities, g, and 
flow rates at the exit vent, Q,,,, t, are scaled on the source conditions, as described in 
section 5.4 (p. 114), to give dimensionless reduced gravities, §j', and flow rates, (Lt. 
In schematics, Layers 0,1 and 2 are denoted LO, L, and L2, respectively. 
4.3 Flow regimes 
Preliminary experiments revealed that two sources can drive one of three basic types 
of flow. These are referred to as Flow Regime 1, Flow Regime 2 and Flow Regime 3. 
Flow Regime 1, figures 4.2a and d, consisted of a three-layer flow and, in the 
case of two sources, was characterised by Source 2 supplying Layer 2 and Source 1 
supplying Layer 1. This was the most common flow regime that was observed 
in experiments, fornjing in all cases where Source 2 was stronger than Source 1 
(i. e. B2 > Bj). It was also observed in cases where the two sources were of equal 
strengths but at different elevations, and in cases where Source 2 was weaker than 
Source I but its elevation was above a critical elevation, 02 > 02,,. This meant that, 
at the height of Interface 1, the fluid in Plume 2 was more buoyant than that in 
Plume 1 and thus continued rising to form a layer below the ceiling. Flow Regime 1 
was observed in experiments involving multiple equal sources at two elevations, 
with the sources on the floor supplying Layer 1 and the elevated sources supplying 
Layer 2. A key feature of Flow Regime 1 was Plume 1 impinging on Interface 2. 
Flow Regime 2 was chaxacterised by both plumes supplying fluid to a single 
buoyant layer of fluid, resulting in a two-layer flow. This formed in experiments 
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Figure 4.2: Examples of different flow regimes as shown using (a to c) inverted shadow- 
graph images and (d to f) schematics. (a, d) Flow Regime I with V) =1 and 2ýI 40 : 31 
(b, e) Flow Regime 2 with 0=2 and 02 and (c, f) Flow Regime 3 with V) =4 and 
0.2 = 712. Entry opening area ai,, = 227.77 CM2 and 1 Small exit vent (a,,, t = 7.06 cm 
2). 
12 
For convenience the schematics show merely vents at high and low level - the actual po- 
sitions of vents are not replicated. The choice of dye colour reflects the different source 
strength ratios and had no bearing on the results. 
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where all the sources were of equal strengths and at the same elevation, which 
agreed with the predictions of Linden et al. (1990) and observations of Cooper & 
Linden (1996). In the case of two sources, Flow Regime 2 was also observed when 
Source 2 was weaker than Source 1 but at an elevation at which the density of fluid 
in Plumes I and 2 were equal at the height of Interface 1, as shown in figures 4.2b 
and e. At a fixed source strength ratio and opening area there is, theoretically, one 
unique elevation of Source 2 at which Flow Regime 2 is established, see chapter 8. 
This is referred to as the 'critical elevation' and Flow Regime 2 is referred to as 
a 'critical flow'. In practice, however, Flow Regime 2 was observed for a range of 
source elevations above and below the critical elevation. This was due to the density 
difference between Layers I and 2, at these elevations, being insufficient to overcome 
the mixing that was driven by the plumes and establish visible interfaces. 
Flow Regime 3 consisted of a three-layer flow characterised by Source I supplying 
Layer 2, and Source 2 supplying Layer 1, as shown in figure 4.2c and f. It was 
driven only in the case of two unequal sources when Source 1 wa's stronger than 
Source 2 (i. e. B, > B2) and the elevation of Source 2 was sufficiently small that, 
at Interface 1, the buoyancy of fluid in Plume 1 was greater than that of Plume 2, 
and thus continued rising through Layer 1 to form a third layer below the ceiling. 
In Flow Regime 3, Plume 2 impinged on Interface 2. When both sources were at 
the same elevation, the flow could be described by either Flow Regime 1 or Flow 
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Figure 4.3: Flow regimes established as a function of Source 2 elevation, 02, for a range of 
source strength ratios, V), with (a) 1 Small exit vent and (b) 1 Large exit vent. Symbols de- 
note the type of flow regime driven in each case: (A) Flow Regime 1 (3 layers, figure 4.2a), 
(o) Flow Regime 2 (2 layers, figure 4.2b) and (T) Flow Regime 3 (3 layers, figure 4.2c). 
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Regime 3, depending on the designation of source numbers. 
Figure 4.3 shows the flow regimes that were established in a series of experiments, 
for which the opening axea was fixed, according to the source strength ratio, 0, and 
the elevation of Source 2,02- It can be seen that Flow Regime I was the most 
frequently observed. This was followed by Flow Regime 2, which occurred within a 
band of Source 2 elevations, indicating the sensitivity of critical conditions to source 
elevation and exit opening area. Flow Regime 3 was observed only at sufficiently 
small elevations of Source 2 at source strength ratios in the range 0 ý! 2. 
In all plots, the vent area is given in terms of the entry opening area, aj" (cm 2), 
and exit opening area, a,,, t (em'). It is riot possible to present these areas in rion- 
dimensional terms due to the nature of the discharge coefficient that is used, as 
explained in subsection 5.8.5 (p. 127). 
4.4 Benchmarking 
To establish whether or not the results of the research herein could be used with 
confidence. the results of experiments involving two sources on the floor of Box I 
were compared with the results of similar experiments carried out by Cooper k 
Linden (1996). 
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Figure 4.4: Comparison of interface heights from experiments with sources on the floor 
(02 = 0) and the data of Cooper & Linden (1996). Data points show the results of 
Cooper & Linden (1996) for (x and +) A*IH2 0.0142, and the results of experiments in 
Box 1 for (---) A*1H 2=0.0067 and (,. ') A*IH2 0.0185, assuming a discharge coefficient 
c,,, t = 0.6. Error bars correspond with the interface height measurement errors given in 
subsection 5.10.2 (p. 132). 
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Figure 4.5 shows inverted shadowgraph visualisations of steady flows driven by 
two sources at floor level, an entry opening area of ai,, = 227.77 CM2 and an exit 
opening created either by I Small vent or I Large vent. Assuming a discharge 
coefficient of c,,, t = 0.6 (see section 5.8, p. 118), this gave effective opening areas of 
A*1H 2=0.0067 and A*1H 2=0.0185, respectively. 
The interface heights recorded for V) <1 were plotted against the interface 
heights recorded by Cooper & Linden (1996) at an effective opening area of A*1H 2= 
0.0142, figure 4.4. It was not possible to replicate the value of A*1H 2 examined by 
Cooper & Linden (1996) which falls between the two values chosen. The observed 
Box 1 
ai, = 227.77 cm 
02 ý0 
V) =1 - 
1 Small exit vent 
a,,,, t = 7.06 cm 2 
t 
1.0 1.0 
0.8 0.8 
0.6 0.6 
0.41ýýMm' 0.4 
0.2 0.2 
ol 
V) 
V) 
1 
2 
1 
4 
-+ 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
- 
I 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
0.8 0. 
2ý 0.6 0.6 
0.4 0.4 
0.2 0.2 
0 1A aiT1.1 
1 Large exit vent 
a,,, t = 19.63 cm 2 
t 
(d) 
(e) 
(f) 
Figure 4.5: Inverted shadowgraph images showing the steady flows driven by two sources 
on the floor of Box 1 (02 = 0) with source strength ratios of (a, d) V) = 1, (b, e) 0=1 2 
and (c, f) V; = 1/4. (a to c) 1 Small exit vent and (d to f) 1 Large exit vent. 
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trends in all cases were similar, and the results of Cooper & Linden (1996) were, 
mostly, bounded by the results from the experiments herein. This provided confi- 
dence in the experimental technique and a benchmark against which to compare the 
results from other experiments. 
4.5 Transients 
The focus of the research is on steady flows. However, the data collected using the 
light- attenuation technique enabled time series to be plotted, showing the evolu- 
tion of the stratifications. This was useful for determining when steady flows had 
been reached and for making qualitative observations of interface heights and layer 
densities leading up to steady state. 
Figure. 4.6 shows the time series for flows in Box 2 with I Small exit vent at three 
source elevations, alongside visualisations of the steady flows observed after the final 
time step. The colour variations indicate that the reduced gravities of the layers 
increased as the time from the start of experiments, t, increased, reaching a steady 
state at t,,, as indicated by the solid lines. This was accompanied by a sharpening of 
the interfaces, indicated by sharp colour changes, and increasingly smooth density 
gradients within the layers. 
In experiments resulting in three-layer steady flows, only a single interface was 
visible in the first time steps, forming below the ceiling of the box and descending 
as the box filled with fluid from the plumes, figure 4.6a. The second interface was 
formed a short time later, also below the ceiling, and descended as time progressed. 
The time after which the second interface formed decreased as the source elevation 
increased, figures 4.6b and c, and as the source strength ratio reduced, but was 
independent of the exit opening area, figure 4.7. Similar trends were observed in the 
case of four equal sources at various distributions and elevations. The time series for 
all experiments are found in appendix B, figures B. 5a to B. 15 (starting on p. 290). 
The height of the upper interface decreased until a steady state was reached, after 
which it remained at a fixed height. Tile height of tile lower interface decreased and 
overshot (i. e. descended below) the steady height, before increasing and settling at 
the steady height - as deduced from the shape of the pink hands in figures 4.6a to 
c and 4.7a to c. This agreed with the observations of Kaye & Hunt (2004) who, for 
identical sources at floor level, expressed the overshoot in terms of a dimensionless 
parameter, 11 ý tdltf, where td was the time taken to drain the box and tf the time 
taken to fill the box. At sufficiently large values of IL, measured by Kaye & Hunt 
(2004) to be p>0.27 for point sources, the box filled at a rate that caused the 
lower interface to reach its steady height before the draining flow rate matched the 
volume flux in the plume at the interface. This caused an overshoot of the steadv 
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Figure 4.6: Box 2 with 2 equal sources (V) = 1) and 1 Small exit vent. (a to c) Time 
series and (d to f) steady visualisations of flows for Source 2 elevations of (a, d) i 02 ý 6' 
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each colour. 
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105 
Chapter 4 Visual analysis of results 
height, an overshoot which became more pronounced as y increased. No overshoot 
was observed in the height of the upper interface. Although the experiments of 
Kaye & Hunt (2004) drove two-layer flows, qualitatively similar transient behaviour 
preceded the three-layer steady flows in the experiments herein. 
At all source strength ratios considered, the magnitude of the overshoot decrea- 
sed as the source elevation increased, implying a decrease in the parameter p- 
understandably as Id and tf are functions of the buoyancy flux. The duration of 
overshoot decreased as the exit opening axea increased and, at sufficiently laxge vent 
areas, no overshoot was observed. 
4.6 Steady states 
Experiments were considered to have reached a steady state when no change in 
interface heights or density profiles was detected over a period of 5 minutes. On 
time series plots, this was indicated by a lack of change in the colour of layers. The 
time taken for steady flows to be achieved in Box 2 with two equal sources and a 
source elevation Of 02 ý ý', was t,, Pzý 50 min, figure 4.6a. The time decreased to 
t,, ;: t; 47 min when the source elevation increased to 02 ý ý', figure 4.6b. Further 
decreases in t,, were observed as the source elevation increased. Increasing the 
exit opening area resulted in a sharper decrease of t,,. At a source elevation of 
02 = 1, the times taken to reach steady state was t,, ýý 45 min with I Small 2 
exit vent, a .. t=7.06 cm 
2, which reduced to t,, -, zý 30 min with 1 Large exit vent, 
a,,, t = 19.63 cm 2, and t,, ; z-, 8 min with 2 Large exit vents, a .. t= 39.27 cin 
2. It 
is unclear from the time series in appendix B whether the time to reach steady 
state changed significantly as the source strength ratio increased - compare figures 
B. 7a (iv), B. 5a (iv) and B. 8a (iv) (pp. 302,290 and 305, respectively). 
The trends were similar with four equal sources, indicating that t,, was insensitive 
to the total buoyancy input and was primarily dependent on the opening area of 
the exit vents. 
The fact that t,,, decreased as the exit opening area increased was crucial in 
experiments because the flow rates out of the box then increased and caused a 
more rapid accumulation of salt solution at the base of the large visualisation tank, 
shown in figure 3.7 (p. 75). This shortened the length of time during which ambient, 
conditions remained constant, resulting in shorter maximum experiment durations 
prior to 'contamination'. This can be seen clearly from figures B. 5e to f and B. 14d 
to f involving 4 and 8 Large exit vents. The volume of the tank permitted steady 
states to be reached in all experiments. Therefore, the images and readings taken 
at the end of experiments could be compared directly, even though the actual times 
at which these were taken varied between experiments. 
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Local layer density measurements and interface height readings, taken in Box 1. 
indicated that steady states were reached in under 30 minutes, which was substan- 
tially less than in Box 2. However, the larger error associated with the equipment 
and manual techniques specific to Box I meant that these time estimates were not 
as reliable as in Box 2. 
4.7 Hysteresis 
In all experiments used for the analysis of steady flows, the sources were activated at 
the same time. However, a small number of experiments were carried out to study 
the effect of activating sources at different times. In the case of two sources with 
a strength ratio of 7ý =1 and a source elevation Of 02 = 1, activating Source 1 at 33 
t=0 min resulted in the formation of a single interface which increased in elevation 
upon the activation of Source 2 at t= 60 min, figure 4.8a. With both sources 
activated, a second interface formed above the first and the reduced gravity of both 
buoyant layers increased to steady state. 
Activating Source 2 first drove an interface that was higher than the interface 
driven by Source 1, figure 4.8b. After the subsequent activation of Source 1, tile, 
interface increased in height, a new interface formed below the first, and the reduced 
gravity of both buoyant layers increased to steady state. The interface heights 
and layer densities at t= 120 min confirmed both steady states were identical. 
figures 4.8c and d. 
Steady states were again measured to be independent of the order of source 
activation in the case of two equal sources with an elevation Of (b2 = 1, see figure 6 
B. 15 (v, vi) (p. 326). The main difference was that the introduction of the elevated 
source at t= 60 min resulted in a decrease in the height of the interface driven by 
Source 1 alone, rather than an increase. 
In general, steady flows show no dependence on the order of source activation. 
4.8 Absolute source strengths 
The effect of increasing the strength of both sources, but keeping the strength ratio 
identical, is observed by comparing figures 4.9a and r with figures 4.9b and d, in 
which the source strengths were tripled. In both experiments, the steady interface 
heights were the same, although the absolute reduced gravities were greater in the 
latter case. As expected, the Interface 2 was sharper at higher source strengths, as 
indicated by the sharp change in colour in figure 4.9d, due to the increase in the 
density step across this interface. This suggests that, in experiments where interfaces 
107 
Chapter 4 Visual analysis of results 
were riot clearly visible, better results could have been achieved by increasing the 
strengths of all the sources. 
These results show that the positions of the interfaces are independent of the 
absolute strengths of the sources, however, the sharpness of interfaces increases as 
the absolute source strengths increase. 
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4.9 Plume Plate 
The visualisation of Flow Regime I in figure 4.2a (p. 99) clearly shows Plume 1 im- 
pinging on Interface 2, causing localised mixing. This was also observed for Plume 2 
in Flow Regime 3, figure 4.2c. A closer analysis of these flows reveals that the impin- 
ging plumes entrain fluid from Layer 2 into Layer I and cause wave-like motions on 
Interface 2, thereby resulting in an increase in the height of the interface locally and 
reducing its clarity adjacent to the region of interfacial mixing. These flow features 
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Figure 4.10: Diagrams showing (a) the Plume Plate and (b) its position in Box 2. 
significantly hindered interface height and layer density measurements. Additio- 
nally, the complexity of the physics of these impinging turbulent flows challenged 
the number of assumptions and idealisations that could legitimately be made in the 
development of simplified theoretical models. As a result, a technique was sought to 
prevent plumes impinging on interfaces so that the effect of entrainment fluxes bet- 
ween lavers (Q*, see figure 4.1, p. 97) on the stratification could be assessed. The use 
of this technique to establish the downward flux of buoyant fluid due to turbulent 
impingement was also explored. 
A solution was found by physically blocking an otherwise impinging plume before 
it reached Interface 2. This was achieved by positioning a flat, circular 'Plume 
Plate' at an appropriate location within the box. The plate, figure 4.10a, was made 
from a 14 cm diameter, 0.5 cm thick sheet of Perspex and was attached to a frame 
constructed from four threaded steel bars attached to a 14 cm diameter, 1.0 cm 
thick base plate. The vertical position of the Plume Plate could be adjusted using 
butterfly nuts located on the bars. The frame was positioned inside Box 2 such that 
its vertical axis coincided with the axis of Plume 1, as shown in figure 4.10b, causing 
the plume to hit the plate and spread radially outwards, thereby avoiding direct 
impingement with Interface 2. 
The Plume Plate provided a means of isolating the effects of plumes impinging 
on interfaces. In sonic experiments, the differences between flows driven with and 
without the Plume Plate were dramatic. For example. the interfaces observed in 
figure 4.11b, in the presence of the Plume Plate, were much sharper than in the 
absence of the Plume Plate, figure 4.11a. In addition, the height of the upper 
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interface was significantly lower as a result of blocking the plume that previously 
impinged on this interface. The results of all experiments comparing the flows with 
and without the Plume Plate are described in detail in section 6.11 (p. 186). 
4.10 Conclusions 
This chapter has established a labelling convention based on the system used bY 
Cooper & Linden (1996) that is used throughout the research herein. The basic 
flows driven by two sources of various strengths and elevations, and by four equal 
sources at various elevations and distributions, have been described. Of these, the 
flows driven by two sources, and by four equal sources on two levels, have been 
categorised into three flow regimes. The results of experiments involving two sources 
on the floor have been compared with the results of Cooper & Linden (1996), showing 
qualitative agreement and supporting the experimental method. 
The kev features of transient flows have been identified, although this is not a 
focus of the research herein, and it has been shown that, in all experiments, steady 
flows were achieved before the visualisation tank was contaminated. It has also been 
shown that the order of activation of sources does not influence the steady flows. 
Furthermore, the absolute strengths of the sources do not affect interface heights, 
but do determine the absolute layer reduced gravities. Finally. the 'Plume Plate' 
has been presented as a method for isolating the effect of fluxes between layers. 
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CHAPTER5 
Theoretical approach and error analysis 
5.1 Introduction 
This chapter describes the scalings used in the analysis of experimental results. 
Section 5.2 describes the assumptions that are made about the flows and is follo- 
wed by a description of the plume equations derived by Morton et al. (1956), in 
section 5.3. Dimensionless parameters are derived from the latter in section 5.4, 
and a virtual origin correction for the laboratory sources is described in section 5.5. 
The plume equations axe verified experimentally in section 5.6 and compaxed with 
estimates of the exit flow rate in section 5.7, using a constant discharge coefficient. 
A detailed description of the results ensues in section 5.8, including the formulation 
of a variable discharge coefficient for use in the research lierein. Section 5.9 dis- 
cusses the phenomenon known as 'selective withdrawal' at the exit vents. Finally, 
the errors associated with experimental results are discussed in section 5.10. 
5.2 Assumptions 
The mathematical analysis of the saline plumes achieved in the boxes follows the 
model developed by Morton et al. (1956) for maintained point sources, by assuming 
incompressible flows that were fully turbulent at the nozzles. A correction is applied 
which allows the finite-area laboratory sources to be modelled as points originating 
at some vertical distance from the actual sources, as described in section 5.5 (p. 114). 
In experiments, turbulent saline plumes descended within the box and entrai- 
ned the surrounding fresh water at their peripheries. It is assumed that the time- 
averaged vertical velocity and density profiles of each plume were similar at all 
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heights. For the purposes of simplifying the calculations of volume fluxes, momen- 
tum fluxes and mean densities, the profiles are approximated, following Morton et al. 
(1956), by 'top-hat' profiles which assume velocities and densities to be constant 
across the width of the plume. 
At a fixed height, the horizontal velocity of entrainment into a plume is assumed 
equal to the width-averaged vertical velocity of the plume multiplied by a constant, 
aý0.117, known as the coefficient of turbulent entrainment, Turner (1986). These 
well established assumptions allowed the model of Morton et al. (1956) to be applied 
to the laboratory plumes. 
The local density variations within and around the plume were small in compa- 
rison to a reference density. Therefore, the dynamics were the same regardless of 
whether vertically up or down, which meant that the flows observed in experiments 
involving sources of negative buoyancy, when inverted, represented the flows driven 
by positive sources of the same strengths. 
5.3 Plume equations 
Morton et al. (1956) derived governing equations for the fluxes within a pluine from 
the Navier-Stokes' equations. The following solutions were obtained for the volume 
flux, Qj, momentum flux, Mi, reduced gravity, Gi, and buoyancy flux, Bi (defined 
in subsection 3.2.2, p. 69), as a function of distance, z, from the source of Plume i, 
assuming the flow originated from a point at, 0 with zero source volume and 
momentum fluxes: 
1/3 5/3 Qj CBj z 
Gt 
1 2/3 -5/3, -Bz ci 
(5-1) 
(5.2) 
M= 
V3-CI12 
2/3Z4/3 
2 
B, and Bi = QjGj = constant, (5.3) 
(_2_a)1/3 2/3 
where C= ýa 10 7r is a constant. Solutions were also derived for the plume 
radius, bi, and the plume velocity, wi, expressed as 
6a 59 
Ce 
)1/3 
--1/3 bi z and Wi =- Bi (5-4) 5 6o7rl/3 10 
The solutions (5.1) to (5.4) were used for the analYsis of experimental data in the 
research herein, and are henceforth referred to as 'plume theorly'. 
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5.4 Dimensionless parameters 
It is desirable to express flow parameters in dimensionless terms, so that the re- 
sults from experiments can be generalised. The key flow parameters discussed in 
chapters 6 and 7 are interface heights, hi, reduced gravities of layers, g, -. and flow 
rates at the exit vents, Q,,, t. The maximum number of interfaces and layers is equal 
to the number of sources, n, giving 1<i<n. 
Dimensionless interface heights are achieved by using the height of the enclosure, 
H, as a reference height, giving 
hilH. (5.5) 
A reference reduced gravity based on the value in the plume at the height of the 
ceiling is deduced from (5.2), by incorporating all the sources to give 
2/3 
-5/3 13 H (5.6) 
Dimensionless pluine and layer reduced gravities are achieved by dividing the abso- 
lute reduced gravities by (5.6) to give 
G' 
G'- ' G'ref and 
91 
G' ref 
(5.7) 
Similarly, a, reference flow rate based on the plume flow rate at the height of the 
ceiling is deduced from (5.1) to give 
Q"f =c( 
1/3 
vi 
)H 
5/3 (5-8) 
and dimensionless flow rates are expressed as 
Qi = 
Qi 
and out = 
Q-t 
Qref Qref 
(5.9) 
5.5 Virtual origin correction 
The solutions (5.1) to (5.4) of the plume equations assume a point source with zero 
volume mid momentum fluxes. This was not the case in the laboratory experlments. 
where the sources were nozzles of finite orifice diameter and with non-zero volume 
fluxes of salt water passing through them. A correction was. therefore, applied 
that modelled laboratory Source i as a point originating at some distance, Zi(avs)l 
'upstream' of the orifice. 
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A virtual origin correction was introduced by Morton (1959), who represented 
the balance of flow conditions imposed at the physical source by the parameter ri, 
expressed in (3.2) on p. 70. A plume with finite buoyancy, momentum and volume 
fluxes, (Bi, Mio, Qjo), at the source was shown to be approximated by a plume 
with an equal buoyancy flux, a modified momentum flux and zero volume flux, 
(Bi. -yAljo, 0), located 'upstream' of the source. The flow above the modified source 
was then modelled by a pure source of buoyancy, (Bi, 0,0), located further 'ups- 
tream'. which asymptotes to the flow of the actual source in the far field. This 
'two-step' procedure was used by Morton & Middleton (1973), who produced scale 
diagrams for plumes with a range of source conditions. However, the Morton (1959) 
correction for plumes with 1Fj >I (i. e. lazy plumes) was unrealistic, as it required a 
negative momentum flux at the virtual source. 
A 'single-step' solution was derived by Hunt & Kaye (2001) for plumes with 
ri > 1. They showed that the volume flux scaling for a point source plume was 2 
obtained for the area source if offset by a magnitude zi(,,,, ), expressed as 
Zi(av, q) ý 
5Qio]F, "(1 - 8j) 
6aAlj I () 
/2 
(5.10) 
where E)i is approximated by the summation 
3 
'Dj +9 ýD2 + 
11 
4)3, in which iDi = 
ri -1 (5.11) 
35 425 ' 1125 ' ri 
The origin correction (5.10) was applied to the laboratory sources herein, giving 
virtual origins between 1.68 cm and 1.81 cm below the nozzle orifices. 
With the coordinate z measured from the virtual source, as shown in figure 5.1, 
the solutions (5.1) and (5.2) can be used to estimate the volume. flux and reduced 
4 
747 
Zt(avs) 
Actual source (Bi, Mi(), Qio) 
,, I &--+Virtual source (B, 0,0) 
Nozzle 
Figure 5.1: Schematic showing a nozzle driving a plume, and the position of the virtual 
source a distance zi(avs) 'upstream' of the orifice. 
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gravity within the plumes at a height z >> zi(,,,, ). The laboratory plumes did de- 
velop over heights large compared with the original offset, however, a consequence 
of applying the virtual origin correction to sources located on the floor was that it 
effectively increased the height of the box. This was taken into account in calcula- 
tions by increasing the height from H to H+ Zi(avs) (as in Hunt & Kaye (2001)), 
where Zi(avs) is the virtual origin correction for Source i, located on the floor. 
5.6 Verification of plume equations 
Assuming the steady layers established in experiments to be well-mixed, the reduced 
gravity of Layer 1, gi, was equal to the reduced gravity of fluid in Plume I at 
Interface 1, G11 (see figure 4.1, p. 97). By measuring the volume flux at the source, 
Q10, the reduced gravity at the source, GI., and the reduced gravity of Layer 1, 
(a) 
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E 
- 
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0 
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f 
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(i) (ii) 
w 
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N rn 
-- E 
2-H 
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h1lauffift 
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(i) (ii) (iii) (iv) (v) (vi) 
Figure 5.2: Comparison of the reduced gravity of fluid in Plume I at Interface 1, G11, esti- 
mated from plume theory (red bars), and the reduced gravity of Layer 1, gi, measured from 
light-attenuation images in Box 2 at the mid-height of Layer 1 (yellow bars). (a) Equal 
sources (0 = 1) showing the results from experiments in figures (i) B. 5a, (ii) B. 5b, 
(iii) B. 5c, (iv) B. 5d, (v) B. 5e and (vi) B. 5f, starting on p. 290. (b) Source strength ra- 
tios of (i to iii) ýb =1 and (iv to vi) 0=1 showing results from experiments in figures 33 
(i) B. 7a, (ii) B. 7b, (iii) B. 7c, (iv) B. 8a, (v) B. 8b and (vi) B. 8c, starting on p. 302. 
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gl, it was possible to verify the plume power-law solutions. First, the location 
of the virtual origin for Source 1, zl(,,,,, ), was found using (5.10). Next, Gil was 
predicted using (5.2) at a height equal to the sum of the origin correction and 
interface height (z = hi + Zl(avs)). The predicted value was then compared with 
density measurements from the middle of Layer 1, made either directly using a 
density meter, or indirectly using the light-attenuation technique. 
The results of Layer 1 density measurements were plotted against corresponding 
estimates of Gil, for a subset of experiments, as shown in figure 5.2. The estimates 
from plume theory showed very good agreement with measurements. Discrepancies 
arose, in most cases, from measured densities being underestimated by plume theory, 
which was due to the layers not being fully mixed and characterised by lower reduced 
gravities close to Interface 1. Overall, however, the results from experiments strongly 
supported the results of plume theory. 
5.7 Exit flow rates 
The draining model used by Linden et al. (1990) for a, two-laver flow in ail enclosure 
of height H, shown in figure 2.5 giving (2.13) oil p. 45, was generalised by Cooper 
Linden (1996) to a three-layer flow, as illustrated in figure 4.1 (p. 97). By assuming 
an incompressible fluid, the volume flux at the entry vents, Qi,, and exit vents, Q,,, t, 
was 
Qi,, = Ui,, Ai*, n= U,,,, tA%t =Qt, 
(5.12) 
where Ui,, and U,,, t are the flow velocities through the entry and exit vents, respec- 
tivel. y. The openings were chaxacterised by an effective opening area, A*, defined 
as 
A*= 
(1+1 )-1/2 
(5.13) 2 ýý2 Ain 
-t 
which is a clearer formulation of (2.5) on p. 44. 
The pressure distributions of the interior and exterior were kydrostatic. These 
assumptions were appropriate because the velocities of the flows were low and the 
vents were located away from the plumes. By considering the pressure differences 
across the vents, and applying the Boussinesq approximation, the volume flux at 
the exit vents was expressed as 
Qout ý A* (g2' (H - 
h2) + g', (h2 - hi 
))1/2 
. 
This assumes well-mixed lavers, and was appropriate for inferring the flow rates in 
Box 1 experiments, where only single density measurements from each layer were 
available. In Box 2 experiments, flow rates were inferred more accurately from light- 
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attenuation visualisations by considering the vertical depth, 6--, and reduced gravity. 
gz, of every pixel within a vertical line of pixels inside the box on light-attenuated 
images. Summing over the height of the box gives 
y 1/2 
Qout A* 1 6, 
(1: 
gzx 
X=l 
where y is the number of pixels. This avoided the errors associated with the as- 
suiliption of well-mixed layers, quantified in subsection 5.10.4 (p. 134). 
The assumption of volume flux conservation within the box was not strictly 
representative of experiments, because fluid entered the box through the nozzles as 
well as the entry vents. In particular, in experiments where Source 2 was located 
within Layer 1, the volume flux across Interface I was not exactly equal to the 
volume flux across Interface 2. However, in all experiments the volume flux at the 
sources was below 10% of the volume flux at the exit vents, lience tile assumption 
of volume conservation was an appropriate approximation. 
The volume flow rate calculations, using (5.14) and (5.15), were dependent on 
a precise knowledge of the effective opening area, A*, which required the discharge 
coefficient, c .. t, to be known. The issues associated with evaluating c,,,, t turned out 
to be complex, and are discussed in the following section. 
5.8 Discharge coefficient 
Recent studies have shown that the value of the discharge coefficient is dependent oil 
flow characteristics at an orifice, Hunt et al. (2002). The results from the experiments 
herein suggest a strong dependence of c,,, t on the density and flow rate of outflowing 
fluid, and have led to a modified functional form of r ... t that is used in the analysis 
of the results. 
Tile value of the discharge coefficient at the exit vents directly impacts oil tile 
calculation of the effective opening area of the box, as seen from (5.13), which af- 
fects the volume flux that is inferred at the exit vents from experimental data, using 
either (5.14) or (5.15). The use of constant discharge coefficients in previous re- 
search is examined in subsection 5.8.1, followed by a review of studies of variable 
discharge coefficients in subsection 5.8.2. The formulation of a new functional form 
of the discharge coefficient is presented in subsection 5.8.3, followed by a discus- 
sion in subsection 5.8.4. The implications for the results herein are considered in 
subsection 5.8.5. Throughout this section, the discharge coefficients measured and 
used in previous research are denoted Cd, while the discharge coefficient estimated 
and used herein is denoted c,, t. 
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5.8.1 Constant discharge coefficients 
In previous studies involving the discharge of fluid through sharp-edged circular 
openings similar to those used in the present experiments, the discharge coefficient 
applied was in the range 0.5 < Cd < 0.7. From observations of the geometry of 
the outflow, Batchelor (1967) p. 390 estimated a discharge coefficient Of Cd = 0.6 for 
fluid of uniform density flowing through a circular hole in a plane wall. The same 
value was adopted by Thomas et al. (1963) in the case of hot gases flowing through 
a horizontal vent in the ceiling of an enclosure. The geometry of an orifice, and 
the enclosure within which it is situated, was shown by Ward-Smith (1980) to be 
significant in determining the value of the discharge coefficient. A value Of Cd = 0.6 
was specified for a square-edged opening in a 'thin' plate, with an area less than 0.7 of 
the approach duct area, at high Reynolds numbers (Re,,, t > 10'), and in tile absence 
of a density contrast. Higher discharge coefficients, in the range 0.73 < Cd < 0-91 
were measured with quadrant-edged and conical orifices. The dependence of Cd on 
the Reynolds number of the flow at an orifice was also identified by Ward-Smith 
(1980), however, this was not quantified. 
Linden (1999) suggested using Cd = 0.6 for sharp-edged horizontal vents, which 
was incorporated into the CIBSE building design guidelines CIBSE (2005a). Lin & 
Linden (2002) used Cd = 0.6 in the presence of a density contrast at a horizontal 
vent and Cd = 0.7 at constant density, and implied that these were the same va- 
lues as used by Cooper & Linden (1996), though not explicitly stated in that paper. 
Kaye Hunt (2004) used Cd = 0.6 for sharp-edged horizontal openings, as did Glad- 
stone Woods (2001) for a high Reynolds number buoyant outflow at a vertical 
vent, whereas Woods et al. (2003) assumed a value of cd = 0.7. In the absence of 
a density contrast, a coefficient Of Cd = 0.5 was used by Gladstone & Woods (2001) 
on the basis that there was a sharp expansion at the vent, as studied by Batche- 
lor (1967). The equivalent value used by Woods et al. (2003) was cd = 0.7, while 
Chenvidyakaxn & Woods (2005) defined the dischaxge coefficient as v, ý2Cd = 0.7 and 
Chenvidyakarn & Woods (2007) used cd = 0.5. All three of these papers cited Glad- 
stone & Woods (2001) as the main reference for defining cd, therefore, although there 
was a variation in both the definition and evaluation of the discharge coefficient, a 
global use of cd = 0.5 was implied and pointed to an inconsistency in the definition 
Of Cd by Woods et al. (2003). 
Hunt & Linden (2001) used Cd = 0.5 for vertical openings with wind-assisted 
constant-density inflows, and Cd = 0.6 for wind-assisted buoyant outflows. Hunt 
et al. (2002) measured a discharge coefficient Of Cd = 0.57 in the absence of wind. 
Linden et al. (1990) showed that their data fell within a range bounded by theoretical 
predictions using cd = 0.5 and Cd =I for horizontal vents. Discharge coefficients at 
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the high end of this range were used by Bjorn et al. (2000), who measured Cd ;: ý- 1.0 
in full-scale measurements under laboratory conditions. 
5.8.2 Variable discharge coefficients 
Hunt & Holford (2000) hypothesised that the presence of a buoyancy contrast at 
a horizontal, sharp-edged ventilation opening may result in a significant reduction 
in the discharge coefficient. To test this hypothesis, they conducted a series of 
experiments using a single source of negative buoyancy to set up a two-layer flow 
in a naturally ventilated box. By controlling the buoyancy flux at the source. BI, 
and measuring the density of the buoyant layer, gi, the volume flux at the exit vent, 
Q .. t, was inferred from the fact that, at steady state, the buoyancy flux input at the 
source was equal to the buoyancy flux at the vent. Substituting Q,.,, t = Bilgi into 
(2.13) on p. 45 and rearranging, gives the effective opening area of the box, expressed 
as 
ý4* =t 3/2 h- 
(5-16) 
9, h, ,- 
Hunt & Holford (2000) explicitly stated a virtual origin offset in their expression 
for A*. The entry vent of the box consisted of a fully open face, therefore, the 
effective area of the openings reduced to A* = vý_2_Cda,, t, where a .. t is the area of the 
exit vent. The discharge coefficient was estimated by substituting A* = Vf2icda"'t 
into (5.16). Throughout the research herein, however, the measurement of hi is 
made from the virtual origin. Therefore, for consistency, (5.16) is expressed without 
a virtual origin offset. 
The negatively-buoyant outflow from the single exit vent was observed to des- 
cend in a plume-like fashion, characterised by the conditions at the vent, which 
were described using a dimensionless dischaxge parameter, F"t. Assuming top-hat 
profiles, F,,, t is defined as 5/2 / 5a out gout (5.17) 
8a7rl/2 Q2 out 
where go'ut = gi is the reduced gravity of outflowing fluid and a=0.117 is the top- 
hat plume entrainment coefficient. Hunt & Holford (2000) expressed r,, ut assuming 
Gaussian profiles. 
The expression for Fout at a ventilation opening, given by (5.17), is identical to the 
expression for 1Fj at the plume sources, given earlier by (3.2) on p. 70, Morton (1959), 
and provided a measure of the relative contribution of buoyancy and inertia at the 
opening. Hunt & Holford (2000) found that highly-buoyant, low-velocity releases 
from laxge-area openings produced large values of F,,, t and large contractions. The 
value of the discharge coefficient decreased in the range 0.44 < Cd < 0.74 as 1',,,, t 
increased in the range 0< Fo,, t < 40. 
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The relatively small number of data points collected by Hunt & Holford (2000) 
were supplemented with further results from experiments carried out by Holford & 
Hunt (2001), using a technique based on a transient draining approach, rather than 
the previous steady-state approach. The rate of change of the interface height in a 
two-layer draining flow was used to produce many data points from a single expe- 
riment, revealing clear trends in the variation of cd with r,, t (all at high Reynolds 
numbers). It was found that, at values of r,,, t between 0 and 4.9, the value of the di- 
scharge coefficient was approximately constant within the range 0-55 :5 Cd < 0-70, to 
which a line was fitted at cd = 0.63. At values of r,,. t in the range 4.9 < ]Pý. t < 500, 
the discharge coefficient decreased according to 
356 
Cd X r, 
oi (5.18) 
The result of cd = 0.63 agreed with the work of Ward-Smith (1980), who gave a 
discharge coefficient of cd = 0.6 for sharp contractions with square-edged openings. 
Since the publication of Hunt & Holford (2000), a number of researchers have used 
a discharge coefficient of cd = 0.63, including Holford & Hunt (2003), Ji et al. (2004) 
and I et al. (2007). 
5.8.3 Revised discharge coefficient 
The data collected in the experiments herein permitted a study, similar to that of 
Holford & Hunt (2001), to be made of the discharge coefficient. The main difference 
was that multiple, non-interacting sources, instead of one source, were used to drive 
displacement flows from which data were collected to estimate Q""t, A* and a revised 
discharge coefficient, c,,, t. In the case of two sources, the volume flux out of the box 
was first estimated from the source buoyancy fluxes, B, = G'jQj and B2 = G2Q2Y 
and the reduced gravity of the discharging layer, g,,,. t, by conservation of buoyancy 
flux, giving 
Q,. t = 
B, + B2 
9. '. t 
A second estimate of Q,,. t was made using plume theory to calculate the volume 
flux in the plumes at Interface 1, and the conservation of volume flux, giving 
Qout Qll + Q2b (5.20) 
1/3 /3 1/3 /3 
where Q1, = CB, h5l and Q21 = CBý h5j . The height of Interface 1, hl, used in 
calculations took into account the correction for the virtual sources of the laboratory 
plumes. 
A comparison showed that (5.19) and (5.20) produced estimates of Q,,, t within 
10% of one another in less than half of all experiments. Where the difference was 
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over 10%, the flow rates estimated from plume theory (5-20) were greater than 
the flow rates estimated from buoyancy conservation (5.19) in virtually all cases. 
In some instances, the difference was as high as 60%. In the vast majority of 
experiments, differences of more than 10% occurred when the elevation of Source 2 
was in the range 1< 02 :5ý- In chapter 6, it is shown that increasing the elevation 2-6 
of Source 2 resulted in an increase in the height of Interface 2, while the change 
in the height of Interface I was comparatively small. Therefore, experiments with 
Source 2 elevations in the range 1< 02 :5A represented the smallest Layer 2 depths, 2-6 
indicating that high differences in Q ... t estimates coincided with thin outflow layers. 
The implications of this are discussed in section 5.9. Furthermore, the small change 
in the height of Interface 1 in the range 0 :5 02 :5ý meant there was a relatively 6 
small variation in the volume fluxes at Interface 1 estimated from plume theory 
within this range. Since good agreement was observed between (5.19) and (5.20) in 
the range 0 -< 
0.2 < 1, there is good reason to believe that estimates of Q,,. t from 2 
(5.20) were reliable in the range 02 :5 ý', therefore, these were used in subsequent 
calculations. This also firmly pointed to the parameter g,,. t in (5.19) as the source 
of error in estimates of Q. t at the exit vents, the reasons for which are discussed in 
section 5.9. 
In Box 1, the effective opening area in each experiment was found by modifying 
(5.16) to account for two or three layers, as observed, and using (5.20) to estimate 
Qýt giving 
for two layers, and 
Qll + Q12 
,, /, -71 (H --h 
(5.21) 
Qll + Q12 (5.22) 
v/g2'(H - 
h2)+ g', (h2- hi) 
for three layers. The reduced gravities of Layers I and 2, gi and g2' respectively, were 
estimated from density measurements of fluid samples. The layers were assumed to 
be of uniform density based on measurements. 
In Box 2, A* was found indirectly by substituting (5.20) into (5.15) to give 
Qll + Q12 
y 
1/2 
g". Jz 
(5.23) 
This method did not require any assumptions to be made about the stratification 
within the box, and was applied universally to all experiments in Box 2. 
X=l 
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The discharge coefficient at the exit vents, c,,. t, was calculated by rearranging 
(5.13) to give 
cout : -- I (5.24) 
121 )-1/2 
ýj-*2 
Ci2 a? I in n 
assuming a known discharge coefficient at the entry vents, cj". In the absence of a 
buoyancy contrast across the entry vents, a constant value of ci,, = 0.6 was assumed 
for the discharge coefficient at the entry vents, following Waxd-Smith (1980). It was 
found, however, that the entry opening area was sufficiently larger than the exit 
opening area for the value of ci,, to have little effect on the value of c,, t deduced. 
The discharge coefficient at the exit vents was representative of each vent because, 
in each experiment, all the exit vents had identical geometry. 
The discharge parameter at each vent, r,,. t, was calculated using (5.17), with Qt 
estimated from (5.20) divided by the number of vents, assuming the total volume 
flux to be distributed equally between all the vents. The value of g. t was assumed 
equal to g, for two-layer flows in Box 1, g2' for three-layer flows in Box 1 and g'(, =0.98H) 
for all flows in Box 2. In the latter case 9'(., =0.98H) was used 
to avoid reflections from 
the box ceiling, while keeping the density measurements representative of fluid at 
the level of the exit vents. As revealed by estimates of Q,,, t, there was significant 
error in the value of g,,. t, resulting in underestimates of Q""t using buoyancy flux 
conservation, but also causing r ... t to be overestimated in these cases. The values of 
Q,. t used in calculations were estimated from plume theory (5.20), thus avoiding this 
error, however, no alternative method was available for estimating r,,,, t. Therefore, 
only those results that used a value of g,,. t which produced estimates Q,,,, t to within 
10% of Qt estimated from plume theory, were considered reliable. 
The most reliable data were used to plot the discharge coefficient at the exit 
vents, c,,. t, against the discharge parameter, r,,,, t, on a log-log plot, in a similar 
fashion to Holford & Hunt (2001), as shown in figure 5.3a. The results showed a 
trend of decreasing c,,. t as r,,, t increased. In the range 0.3 :5r... t :53, a least-squares 
best-fit line of constant gradient was fitted with the equation 
0837 
c,, t = 0.728 x r; ýOi (5.25) 
In the range r,,, t >3 the value of c,,, t decreased more sharply, and did not follow 
(5.25). 
Figure 5.3b shows a plot of data from all experiments, including less reliable Ir ... t 
data. Although the results were more scattered than in figure 5.3a, especially in the 
range r,,,, t > 3, the majority of the data, located in the range 0.3 -< 
r,,,, :53, was 
well described by the line (5.25). 
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Figure 5.3: The discharge coefficient, c,, t, plotted as a function of the discharge parameter, 
X ir-0.0837. ]F,,, t, using (a) the most reliable data and (b) all data. Solid lines: c,,, t = 0.728 out 
(a) 
(c) 
(b) 
rout 
Figure 5.4: The discharge coefficient, cd or c,,,, t, plotted as a function of the discharge 
parameter, IF,,,, t. Plots show the results of (+) Holford & Hunt (2001) and (x) the study 
herein. (a) Data lifted from Holford & Hunt (2001), (b) data from figure 5.3a, (c) data 
from plot (b) superimposed on plot (a), and (d) data from figure 5.3b superimposed on 
Cd = 1.11 X 1-0.356. plot (a). Solid lines: out 
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The results in figure 5.3 were compared with the results of Holford k Hunt 
(2001) by plotting the data together. Figure 5.4a shows the data of Holford & 
Hunt (2001), lifted directly from that paper. Figure 5.4b shows the most reliable 
data (from figure 5.3a) on similar axes. Figure 5.4c shows the results of figure 5.4b 
superimposed onto figure 5.4a. Figure 5.4d shows all the data (from figure 5.3b) 
superimposed onto figure 5.4a. 
5.8.4 Discussion 
The similarities and differences between the results of Holford &- Hunt (2001) and 
the study herein are immediately apparent from figure 5.4. To start with, the two 
studies covered a different range of albeit with an overlap. Holford & Hunt 
(2001) output results within the range 0.8 < ]F,,, t < 500, whereas tile results from 
the study herein were in the range 0.2 < f,,, t :! ý 50. In the range 0.2 < F,,, t :! ý 3, 
the trends in c,,, t and Cd look very different. Holford & Hunt, (2001) suggested a 
constant value Of Cd = 0.63 within this range, although figure 5.4a implies a very 
slight gradient of decreasing cd as r,.,, t increases. The gradient is inuch steeper 
for c,,,, t in figure 5.4b and does not imply a constant discharge coefficient in this 
range. Instead, values of c,,,, t of up to 0.9 were recorded, which is much higher 
than measurements from previous research, other than the full-scale measurements 
of Bjorn et al. (2000). The key result of this study is that, under the experimental 
conditions herein, c,,, t varied for all 1,,, t. 
A superposition of the data from the experiments herein onto tile results of 
Holford & Hunt (2001), shown in figures 5.4c and 5.4d, reveals good agreement in 
the range F,.,, t > 2. In the range r,,, t <2 the experiments herein gave higher values 
of c,,, t than recorded by Holford & Hunt (2001). 
NA'ard-Smith (1980) stated that the Reynolds number of the flow has a direct 
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Figure 5.5: The dischaxge coefficient, c,, t, plotted as a function of the Reynolds number 
at the exit vents. Re,, t. 
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impact on the discharge coefficient. The Reynolds number at the exit vents in the 
experiments herein, Re,,,, t, was calculated by estimating the velocity of the outflow, 
U. t, using (5.19) on p. 121 divided by the total vent area, and taking the diameter 
of the vent, D,,, t, as a length scale giving 
Re,,, t == 
U,, t D,,,, t 
v 
(5.26) 
where v is the kinematic viscosity of fresh water. Figure 5.5 implies a correlation 
between the discharge coefficient and the Reynolds numbers at the exit vents, Re"'t, 
with outflows in the range 250 < Re,.,, t < 2000, and an average value of Re,,, t ; zz 1050. 
This is lower than the Reynolds numbers recorded by Holford & Hunt (2001). which 
were mostly in the range 1100 < Re,, t < 10,000, and showed no such correlation. 
Johansen (1929) identified a number of different flow patterns occurring at dif- 
ferent Reynolds numbers downstream of an orifice plate inserted into a circular pipe 
with a fully developed flow. Although the boundaries present in the flows within a 
pipe were not present in flows out of a box, and the detailed geometries of the exit 
vents were slightly different to the orifice of Johansen (1929), similar outflows were 
observed at Re,,, t : z- 1000 in both cases. These consisted of coherent vortex rings, as 
shown in figure 5.6, with a diameter smaller than the vent. Johansen (1929) found 
that this flow pattern occurred within the range 600 < Re,,,, t < 1600, with fully tur- 
bulent 'high' Reynolds number flows occurring above this range. The implication 
is that the outflows occurring in the experiments of Holford & Hunt (2001) were 
generally fully turbulent, i. e. characteristic high Reynolds number flows, whereas 
those observed in the experiments herein were not, therefore, the two studies are 
not directly comparable. 
(a) 
--. - V,., 
.... - -IV: 
. A" 
A ". 
Figure 5.6: Outflow pattern at an orifice (a) sketched by Johansen (1929) for Re,,, t 1000 
and (b) observed at the exit vent during an experiment in Box 2 with V; 0 and ý 13 22 
1 Large exit vent., giving Re,, t = 922. 
(b) 
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The flows depicted in figure 5.4 were all driven through shaxp-edged vents. The 
vents were also 'thin', as defined by Waxd-Smith (1980), meaning that the ratio of 
wall thickness (1 cm) to diameter (3 cm or 5 cm) was always sufficiently small to 
prevent the reattachment of outflowing fluid, downstream of the vena contracta. The 
area of the approach 'duct', which took the form of a flat-sided box in experiments, 
was considerably greater in area than of the vents, however, the proximity of the 
vents to the side walls, as shown in figure 3.5 (p. 72), meant that the flow into the 
vents was not symmetrical about the centerlines of the vents. It is unclear whether 
this had any effect on the measured discharge coefficients. 
5.8.5 Implications 
In all subsequent calculations and analysis, the discharge coefficient for individual 
experiments is calculated using (5.25), as it has been shown that assuming a constant 
dischaxge coefficient of c,,, t = 0.6 is an over-simplification. The agreement between 
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Figure 5.7: Comparison between the total volume flux in Plumes 1 and 2 at Interface 1 
(Q11 + Q21) estimated from plume theory (green bars), and Q'. "t at the exit vents in- 
ferred from light-attenuation images (yellow bars), assuming a discharge coefficient of 
(a) c,,,,, t = 0.6 and (b) c,,,, = 0.728 xr -0.0837 . Equal sources (V; = 1) showing the re- out 
suits from experiments in figures (i) B. 5a, (ii) B. 5b, (iii) B. 5c, (iv) B. 5d, (v) B. 5p, and 
(vi) B. 5f, starting on p. 290. 
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Figure 5.8: Comparison between the total volume flux in Plumes 1 and 2 at Interface I 
(Q11 + Q21) estimated from plume theory (green bars), and Q,,,, t at the exit vents in- 
ferred from light-attenuation images (yellow bars), assuming a discharge coefficient of 
(a) c,, t = 0.6 and (b) c,,, t = 0.728 X ]F-0.0837. Source strength ratios of (i to iii) ip =1 and out 3 
(iv to vi) V) =3 showing results from experiments in figures (i) B. 7a, (ii) B. 7b, (iii) B. 7c, 
(iv) B. 8a, (v) B. 8b and (vi) B. 8c, starting on p. 302. 
the volume flow rates at Interface 1, estimated from plume theory, and the volume 
flow rates at the exit vents, estimated from draining flow theory using either a 
constant or variable discharge coefficient, are shown in figures 5.7 and 5.8. The 
improvement in fit, achieved by using a variable c,,, t, is dramatic. 
The use of a variable discharge coefficient has significant implications for the 
presentation of experimental results. Previous studies grouped and plotted mea- 
surements according to the effective opening area of a box, for example Cooper & 
Linden (1996). The effective area was assumed to remain constant for fixed entry 
and exit opening areas. However, given the dependency of c,,, t on the properties of 
outflowing fluid, the effective opening area in a box with fixed entry and exit ope- 
ning areas may vary. Results from the experiments herein are, therefore, grouped 
according to the absolute area of the exit vents and not an effective opening area. 
The ventilation conditions are also frequently described in terms of the number of 
openings, for example 'I Small vent' or '2 Large vents', whose absolute and relative 
gw 
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opening areas were shown in figure 3.6 (p. 73). Although this makes a direct com- 
parison of results with previous research more difficult, it was judged to be a more 
precise method of presenting the data from the research herein. 
5.9 Selective withdrawal 
This section discusses the reasons for the error in g. t, uncovered through the use of 
(5.19) to estimate Q,, t at the exit vents, in subsection 5.8.3. A physical explanation 
is proposed, with reference to previous research and data from the experiments 
herein. 
Based on buoyancy conservation the total buoyancy flux out at the exit vents 
must be equal to the total buoyancy flux input at the sources, the latter known from 
measurements to within 7%, see subsection 5.10.5 (p. 135). The (under) estimates of 
Qout from (5.19) must, therefore, have resulted from overestimates of g, ". t, represen- 
ting the mean density of the discharged fluid. In three-layer flows, it was assumed 
that g' ut = g', 
therefore, errors associated with measurements of g2' were directly 2 
translated into errors in g. t. In light-attenuation analysis, overestimates in g' were 2 
caused by light reflecting from the bottom face of the box. Point density measu- 
rements taken directly using the density meter were more reliable, but assumed 
well-mixed layers and resulted in similar overestimates of g""t. While contributing 
to errors in measurements, however, these factors were not sufficient to explain the 
gross overestimates of g,,, t that occurred in a number of experiments. This prompted 
a closer analysis of the outflow at the vents. 
Previous studies have shown that the outflow from a layer of negatively-buoyant 
fluid, of depth d2, through a horizontal circulax orifice, is characterised by a Froude 
number, Fr,,,, t, expressed in terms of the outflow rate, Q,,, t, and the reduced gravity 
of the layer with respect to the adjacent layer, g2' - g',, Týirner (1973), giving 
Fr, ut =- 
Qout 
(g2l 
- gl 
) 1/2 &2 
12 
(5.27) 
Lubin & Springer (1967) found that, at a critical Froude number, R,, the accele- 
ration of fluid towards an opening overcomes the buoyancy forces acting within the 
outflowing layer. and a 'dip' forms on the interface between the two fluids vertically 
above the centre of the orifice. This dip rapidly descends and results in an outflow 
of fluid from both layers directly through the orifice, as shown in figure 5.9a. By 
rearranging (5.27) and introducing a constant, Kd, such that the critical Froude 
number is unity, the critical depth of the original outflowing layer, d2c, at which 
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Figure 5.9: (a) Schematic and (b) shadowgraph visualisation showing selective withdrawal 
occurring at a5 cm diameter exit vent in Box 2 with ýb = 1,02 =2 and I Large exit vent. 3 
'dipping' is first observed is 
Q, 2 1/5 
d2c = 
Kd 
(I.. 
t 
92 _ g, 
(5.28) 
Lubin & Springer (1967) and Craya (1949) evaluated the constalit, Kd, and found 
Kd = 0.69, while Harleman et at. (1959) measured a value of Kd = 0.81, Ivey & 
Blake (1985). These translate to a critical number of Fr, = 2.53 and Fr, = 1.69, 
respectively, in (5.27). T'urner (1973) specified a critical Froude number of Fýr, = 1.6 
which, when substituted into (5.27) for a single-layer outflow (i. e. assuming g, = 0), 
gave the critical depth of the outflowing layer to be d2c = D,,, t/2 under hydrostatic 
conditions, where D,,,, t is the diameter of the orifice. In the context of a liquid-air 
interface. this useful approximation states that, when the depth of a free layer of 
fluid is less than or equal to the radius of a circular horizontal orifice, the withdrawal 
of air occurs through the orifice. While this does not hold for multiple-layer flows, 
it provides a lower bound for the critical depth of the outflowing layer, because if 
g, in (5.28) is increased, d2, increases also. Therefore, if d2 < D,,, t/2, irrespective of 
the stratification, the conditions are supercritical, i. e. Fr,,, t > Fr,. 
The phenomenon of the supercritical drawdown of fluid through an orifice. i. e. 
where d2 < d2,, is also known as 'selective withdrawal', Farrow & Hocking (2006). 
In the majority of cases where errors in Q,,,, t, were above 10%, the depth of the most 
buoyant layer was between 0.5 cm and 2.5 cm, which was equal to, or less than, the 
radius of the exit vent. Applying (5.28) reveals that, in these cases. tile measured 
depth of the layer adjacent to the vent herein was well below the critical depth, 
indicating suitable conditions for selective withdrawal that were augmented býv tile 
presence of wave-like motions on the interface. 
However, selective withdrawal was not apparent from the majority of visualisa- 
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tions and its occurrence was not comprehensively catalogued. The best visualisa- 
tion suggesting selective withdrawal is shown in figure 5.9b. The flow behaviour is 
indicated schematically in figure 5.9a, however, this is not obvious from the visua- 
lisation. Furthermore, there was no correlation between the errors, in estimates of 
Q,,, t between (5.19) and (5.20), and a critical Froude number, below which selective 
withdrawal was expected to occur. The experimental data is, therefore, inconclu- 
sive in establishing if and when selective withdrawal occurred, and does not support 
(5.27). 
It is not clear in which experiments selective withdrawal occurred, therefore, 
although this phenomenon may provide the explanation for the error in g,,. t en- 
countered in subsection 5.8.3, the experimental data does not conclusively support 
this. 
5.10 Error analysis 
As with all physical experiments, measurements taken were subject to errors resul- 
ting from human involvement and from limitations in the precision of equipment. 
Errors in measurements were transmitted to calculations of flow rates and other flow 
quantities. This section provides a quantitative analysis of the errors encountered in 
the data presented in subsequent chapters. Following an overview of the mathema- 
tical procedure used to estimate the errors, the errors associated with measurements 
of interface heights and reduced gravities are described. This is followed by a des- 
cription of the errors in calculations of volume flow rates, key plume properties and 
the discharge coefficient at the exit vents. 
5.10.1 Overview 
The absolute error associated with a variable, v, is denoted Av. Where a variable 
is a function of other variables, for example 
f (X, Y, Z), (5.29) 
the error of v is calculated using the total derivative of (5.29), and the absolute error 
associated with each variable, Ax, Ay and Az, Stroud (2001) p. 686, giving 
AV = igfAx+LfAY+ afAZ. (5.30) 19X ay az 
Where the error is relative, the absolute error of a vaXiable, for example Ax, is ex- 
pressed in terms of the function used to determine the error, for example Ax =f (x). 
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5.10.2 Interface heights 
The magnitude of errors associated with interface height measurements using the 
shadowgraph technique depended on the extent of wave-like motions and mixing 
occurring at interfaces, which was directly influenced by the size of the exit vents. 
For experiments in Box 1 and Box 2, the absolute error was approximately equal 
with 1 Small, 1 Large and 2 Large exit vents. For Interface 1 this was Aýj = 0.025 
(0.75 cm) and for Interface 2 this was Aý2 = 0.035 (1.05 cm). In the case of 3 and 
4 Large exit vents in Box 2, both Aýj and Aý2 were 0.035 (1.05 cm). With 8 Large 
exit vents, Aýj increased to 0.065 (1.95 cm), while Aý2 remained at 0.035 (1.05 cm). 
The accuracy of interface heights inferred from density profiles, using the light- 
attenuation technique, was determined by the ability to locate the region of steepest 
density gradient. The location of Interface 1 was always very clear and was associa- 
ted with a low error of Aýj = 0.010 (0.30 cm). Interface 2 was often more difficult 
to locate, because of the effects of reflection from the base of the box interfering 
with the attenuation of light by the dye, and resulted in an error of AC2 = 0.025 
(0.75 cm). The errors associated with all interface height measurements are shown 
in table 5.1. 
Visualisation Parameter 
I 
Absolute error cm Exit vent S 
Box 1 C, Aýj = 0.025 0.75 All 
Shadowgraph C2 AC2 = 0.035 1.05 All 
Ci ACI = 0.025 0.75 <2 Large 
Box 2 G ACI = 0.035 1.05 3-4 Large 
Shadowgraph C, Aci = 0.065 1.95 8 Large 
C2 AC2 = 0.035 1.05 All 
Box 2 C, ACJ = 0.010 0.30 All 
Light-attenuation C2 AC2 = 0.025 0.75 All 
Table 5.1: Absolute errors associated with interface height measurements in Box 1 and 
Box 2. The heights of both boxes were H= 30 cm. 
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5.10.3 Reduced gravities 
The absolute errors associated with density measurements were determined by the 
precision of the density meters used. For experiments in Box 1, the error was 
Ap =1X 10-1 g/CM3. Ap =1x 10-' g/cm3. For experiments in Box 2, the error was 5 
The reduced gravity of a negatively-buoyant parcel of fluid, g', is defined in terms 
of the density of the fluid parcel, p, and the density of the ambient fluid, po, giving 
99P- PO = 9' (p, po) - Po 
(5.31) 
The errors associated with measurements of local and ambient fluid densities were 
equal (Apo = Ap), therefore, the error in reduced gravities, derived from (5.31) and 
(5.30), was 
I= ag, a9l PAp,, = _g1AP Ag 2-Ap -L AP + 5;; APO =-2 (5.32) ap PO PO PO 
Note that A 54 (p - po) but is the error associated with the measurement of p. 
This was applied directly to layer density measurements taken in Box 1, giving a 
maximum relative error of Agi/gi ; z:: 0.01%. 
In Box 2, layer densities were estimated from a light-attenuation analysis, fol- 
lowing a calibration procedure involving the measurement of fluid sample densi- 
ties, described in subsection 3.4.4. The error from fluid sample measurements was 
included in the error associated with the constant J, used for the conversion of 
background-corrected pixels, IBc, to reduced gravities, g', in the formula 
g (-7.0 x 10-8j In IBC) , (5.33) 
derived from (3.6). The maximum relative error in the constant J was A JIJ = 0.12, 
therefore, the error associated with layer reduced gravities in Box 2 was never greater 
than 12%, as given by 
I IAJ gi = gi-T = 0.12 gi. (5.34) 
The errors associated with reduced gravity measurements are summarised in 
table 5.2. 
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Parameter Relative error (%) 
-7 
Box 1 Ag: lgil = 0.01 
gi Reduced gravity of Layer i 
Box 2 Agj'lgj' = 12.00 
Table 5.2: Fixed relative errors associated with the reduced gravities of layers. 
5.10.4 Volume flow rates 
Exit volume flow rates in Box 1 are given by 
Q,,. t = A* (g2' (H - h2) + g, (h2 - hi)) 
1/2 (5.35) 
The derivative of (5.35) with respect to g2, h27 g', and h, gives 
AQ. t =I ((II - h2)Agf2+(gl-g2)Ah2+(112-h, )Agl-g, Ahl), (5.36) 2Q,,, t 
where the errors in interface heights can be taken from table 5.1 and the errors in 
reduced gravities from table 5.2. 
In Box 2, exit volume flow rates are given by 
v 
Q,,, t A* 1: g, ' . Jz 
(x=l ) 1/2 
I (5.37) 
where y is the number of pixels vertically, Jz is the depth of one pixel and g" is the 
reduced gravity of row x (each row having a single entry) in a column of pixels on 
light-attenuation images, with an error given by (5.34). The error associated with 
the volume flow rate inferred using (5.37) is 
AQýut = (0.12 Qout)1/2. (5.38) 
The relative flow rate error was within the range 1.6%: 5 AQ,,,, tlQ,,,, t < 5.9% for 
all experiments. 
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5.10.5 Plume properties 
Density measurements of the source fluid were subject to the error, Ap, described 
in subsection 5.10.3. Therefore, errors in reduced gravities were Ag', given by (5-32) 
for both boxes. Errors in flow rate measurements at the sources were approximately 
AQio = 0.1 cmI/s. The error in the source buoyancy flux was, therefore, 
ABi = QioAg'+ GýOAQjo, (5.39) s 
giving a relative error in the range 4.4% :5 ABj1Bj :57.2%. The error in the source 
value, ri, was 
JT'I 
Agi AQiO 
L2 (5.40) 
giving 8.8%: 5 Ari/ri :5 14.3%. This contributed to the error in the virtual origin 
correction, which was approximately 
, 
6ýZi(avs) 
---: Zi(avs) 
Ari 
(5.41) 
and within the range 1.8% :5 Azi(ava)/Zi(avs) :52.9%. At Interface 1, the error in the 
plume volume flux predictions was 
AQil =Q -I 
ABi 
+ 
5AZi(ava) ( 
3Bi 3hi 
and the error in the plume reduced gravity was 
,f 2AB. 5Azi(,,,,. ) AG"j, : -- Gil ý-5-Bi- - 3h, 
(5.42) 
(5.43) 
In all plumes, the ranges of relative errors in plume quantities at Interface 1 were 
1.8% :ý AQjj1Qjj < 3.2% and 1.1% < AGj'j1G'jj :53.5%. 
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5.10.6 Discharge coefficient 
The value of the discharge coefficient at the exit vents, q,, t, depended on measure- 
ments of the buoyancy fluxes at the sources, as well as the reduced gravity of fluid 
within the box inferred from density samples or light-attenuation analysis. The 
errors associated with these quantities, therefore, contributed to the error in 
which, in the case of two sources, is given by 
( 
Acout : -, 4 cout 
AB, + AB2 Agl ilAgp 
B, + B2 9. It y 
2Z 
(5.44) 
The relative error in the discharge coefficient was in the range 4.9% :5 Act/ct :5 
12.8%. The error in the discharge parameter at the exit vents is 
Ar. t = IP. t 
(Ag' 
- 2AQ11 
+ AQ21 
ý 9.1t Q11 + Q21 
giving a relative error in the range 3.5% < Ar,. t/r,, t :58.0%. 
(5.45) 
The errors associated with the key flow parameters discussed in subsections 5.10.4 
to 5.10.6 are summarised in table 5.3. 
Parameter - T Relative error range (%) 
Q,,, t Exit volume flow rate 1.6 :5 AQ""tlQ". t :5 5.9 
Bi Buoyancy flux of Plume i 4.4 < ABj1Bj < 7.2 
ri Plume i source parameter 8.8 Ari/ri 14.3 
Zj( ... ) Virtual origin correction for Plume i 1.8 
AZi(ava)/Zi(ava) 2.9 
Qj, Plume i volume flux at Interface 1 1.8 < AQjIlQj, :5 3.2 
Ci 1 Plume i reduced gravity at Interface 1 1.1 < AG'jj1G'jj < 3.5 
q", t Discharge coefficient 4.9 < AC,,, t/C,,,, t :! ý 12.8 
r,, t Discharge parameter 3.5 :5 Ar, /r,,,, t s: 8.0 
Table 5.3: Relative errors associated with key flow parameters. 
X=l 
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5.11 Conclusions 
This chapter has introduced the plume power-law solutions derived by Morton et al. 
(1956), and the virtual origin correction of Hunt & Kaye (2001), which are used for 
modelling the laboratory plumes mathematically. Dimensionless parameters for the 
discussion of experimental results in chapters 6 and 7 have also been introduced. 
The Morton et al. (1956) solutions have been verified experimentally and good 
agreement with reduced gravity estimates obtained at the lowest interface. It has 
been postulated that the disagreement between plume theory and estimates of flow 
rates at the exit vents results from the incorrect use of a constant discharge coef- 
ficient. A detailed study has been carried out into the measurements and uses of 
fixed and variable discharge coefficients in previous research, and a revised variable 
discharge coefficient formulated based on the results of a new series of experiments. 
Finally, the errors associated with experimental results have been discussed and 
quantified. 
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Analysis of two sources 
6.1 Introduction 
The following two chapters present an in-depth analysis of the results obtained from 
experiments in Box 1 and Box 2. This chapter focuses on flows driven by two sources 
and chapter 7 on flows driven by four sources. 
To avoid overwhelming the reader with information, only the data necessary 
to illustrate the pertinent results and findings are presented and discussed. Where 
relevant, references axe made to the complete dataset compiled from all experiments, 
in appendices B and C. 
Experimental results are considered systematically, by tracing a path on a pa- 
rameter 'map' showing the three parameters studied in experiments: Source 2 
elevation (02) or Source 4 elevation (04), source strength ratio (0) or distribution 
ratio and the number of open exit vents (EV). Each experiment is identified on 
the map by a node (-) corresponding to a specific value of each of the three para, 
meters. For example, an experiment involving two sources with a strength ratio of 
,0=1, a Source 2 elevation Of 02 =0 and 1 Small exit vent is located on the bottom 
row and middle column of a map with a parameter space ranging from ý' :ý0 :54 4- 
on the horizontal and 0< 02 on the vertical, as shown by the black square 
(0) in table 6.1. The effect of altering a single paraxneter, for example, Source 2 
elevation (02) is then studied by considering other experiments in the same column. 
This is indicated on the map in table 6.1 by arrows (fl, showing the extent of the 
total parameter space considered in the discussion of the experiments. 
To aid the reader, the map is updated at the beginning of each section by indi- 
cating the experiments that have already been considered (e), identifying the expe- 
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riment(s) with which the discussion in the section begins (M), and showing the pa- 
rameter with whose increase, or decrease, the discussion is concerned fr or =>). 
In this way, all three experimental parameters are considered across the full range 
of experiments. 
Each section closes with a summary of the key results, forming the basis of the 
discussion and pointers for application to full-scale airflows in chapter 9. 
6.2 Equal strengths, various elevations 
The discussion begins with a consideration of steady flows driven by two equal 
sources (, 0 = 1) on the floor of Box 1 (02 = 0) with 1 Small exit vent. In the 
context of other experiments, these source and ventilation conditions represented the 
smallest ventilation opening area, the smallest Source 2 elevation and a mid-range 
source strength ratio, as shown by the black square (0) in table 6.1. These drove 
the most basic flows observed with two sources, corresponding to Flow Regime 2, 
consisting of a single buoyant layer of fluid supplied by both plumes and separated 
from a layer at ambient density by a horizontal interface, figure 6.1a. Small wave- 
like motions were observed on the interface as a result of disturbances caused by 
the motion of plume fluid crossing the interface. The height of the interface was 
recorded as ýj = 0.29. 
2 sources 
EV 1S 24 4 3 
6 
2 
3 
1 
02 2 
6 
0 
Table 6.1: Map of experiments in Box 1 with 2 sources and I Small exit vent (EV = 1S). 
(0) Equal sources (0 = 1) on the floor (02 0), as shown in figure 6.1a. (ý) Source 2 
elevations increasing in the range 05 02: 5 as shown in figures 6.1b and c. 
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Increasing the elevation of one of the sources, as shown by arrows (t) in table 6.1, 
resulted in the formation of a third layer below the ceiling, driven by the elevated 
source, and a second interface, separating the middle and top layers, figure 6.1b. 
This corresponded to Flow Regime 1 in section 4.3 (p. 98). The height of the lower 
interface increased with no noticeable change in its sharpness. At a source elevation 
of 02 = 1, the heights of the interfaces were recorded as C, = 0.39 and C2 = 0.82. The 3 
upper interface was weak, due to the small density difference between the middle 
and top layers and, in the region vertically above the lower source, the interface 
was not visible at all. This was a result of the plume driven by the lower source 
impinging on the interface, which also caused significant wave motion on the rest of 
the interface. During experiments, the entrainment of fluid from the top layer into 
the middle layer was clearly visible. 
Further increasing the elevation of the source resulted in an increase in the height 
of the upper interface, accompanied by a sharpening of the interface due to the 
increase in the density difference between the middle and top layers, figure 6.1c. 
At a source elevation of 02 = 2, the height of the upper interface was recorded as 3 
C2 = 0.96 and, although the plume driven by the lower source was still observed 
to impinge on the interface and drive wave-like motions, the interface was visible 
across the entire width of the box. Wave-like motions on the interface were also 
driven by plume fluid from the elevated source impinging on the ceiling of the box 
and overturning. The shallow top layer appeared turbulent, unlike the quiescent 
nature of fluid in the layer when it was deeper (at lower sources elevations). The 
height of the lower interface remained unchanged at ýj = 0.39. The full range of 
source elevations is visualised in figure B. 2a (xix to xxiv) on p. 285. 
Figure 6.2a shows that the minimum height of the lower interface was recorded 
with both sources on the floor (02 = 0), i. e. when the maximum amount of ambient 
fluid was being entrained by Source 2. The lower interface reached a maximum 
height at C, -- 0.39 when the elevated source was located at the level of the interface, 
i. e. 02 -- 0.39. As the elevation of the source increased beyond this, the height of 
the lower interface reduced slightly. 
When both sources were on the floor, the steady interface settled to a position 
in which the volume flow rate driven by the layer itself identically matched the com- 
bined flow rates in the two plumes at the level of the lower interface. The fact that 
the lower interface rose, and then lowered slightly, as Source 2 was elevated can be 
explained by considering volume conservation for the entire buoyant region. Again, 
the lower interface settled to a position in which the volume flow rate driven by the 
layers above, with their respective densities, identically matched the total volume 
flow rate supplied by both plumes at the level of the lower interface. As Source 2 
was elevated, it continued to supply the buoyant region with a constant buoyancy 
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Figure 6.1: Box 1 with 2 equal sources (0 = 1) and I Small exit vent. Source 2 elevations 
-2 of (a) 02 = 0, (b) 02 and (c) 02 3 
flux, however, its volume flux contribution decreased, resulting in a decrease in t1w 
total volume flux supplied by the two sources to this region. The volume flux dri- 
ven by the entire layered region itself (being proportional to its overall depth and 
mean density) out of the vents, therefore, matched the supply with a thinner layer. 
i. e. the lower interface moved upwards. Additionally, the plume from the elevated 
source supplied the region with increasingly buoyant fluid as it was raised, thereby 
reinforcing the requirement for a shallower region. 
When elevated above the lower interface, Source 2 no longer contributed to the 
volume flux supplied to the middle layer. However, the overall volume flux supplied 
to the entire buoyant region continued to decrease as the elevation of Source 2 
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Figure 6.2: Box I with 2 equal sources (0 = 1) and I Small exit vent. (a. ) Steady interface 
heights, (x) ý2, (b) steady layer reduced gravities, (x) 2, and (c) steady J, 
exit flow rates, (x) plotted as a function of Source 2 elevation, (ý2. 
increased. The lower interface settled, therefore, to a position in which tile volume 
flow rate. driven by the buoyant layer identically matched the flow rate in the single 
plume, driven by the source on the floor, at tile level of the lower interface. This 
resulted in a slight decrease in the height of the lower interface. 
The upper interface reached a limiting height as the elevated source approached 
the ceiling of the box. The visualisations in figures 6.1 and B. 2a (p. 285) indicate 
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that the depth of the top layer did not reduce to below the radius of the plume, 
driven by the elevated source, at the upper interface. This was due to the plume fluid 
impinging on the ceiling and spreading away from the plume as a gravity current of 
fixed depth. Therefore, the limiting height of the interface was determined by the 
height of the source and the plume geometry, and not by the buoyancy of the layers. 
The reduced gravity of the middle layer was dependent on the height of the lower 
interface. This is reflected in figure 6.2b, which shows that ýj was largest with both 
sources on the floor (02 = 0) and decreased as the height of the elevated source was 
increased to the level of the interface (02 -zý 0.39). Increasing the elevation beyond 
this resulted in a slight increase in ji, though this was marred in figure 6-2b by 
measurement errors. 
The reduced gravity of the top layer increased continuously as the height of the 
elevated source increased, for two reasons. Firstly, the height of the source increased 
by a greater amount than the height of the upper interface, reducing the distance 
between the source and the interface, and increasing the reduced gravity of fluid 
entering the top layer. Secondly, at each consecutive elevation, the plume driven by 
the source entrained less ambient fluid from the bottom laver. and more dense fluid 
from the middle layer, causing an increase in the reduced gravity of the plume at 
the height of the upper interface. The sharp rise in j' at source elevations above 2 
ý,, =1 02 value or range 
Flow property 0 < 02 < ýl < 02 < 
ý6 
ý1 min max \1 
ý2 (min) max 
max mill 
2 (Mill) max 
QOut max mill 
Table 6.2: Key results for interface heights, ýi, layer reduced gravities, ýi, and exit flow 
rates, in Box 1 with 2 equal sources (V) = 1) and 1 Small exit vent, for Source 2 
elevations in the range 0> 02 > Parameter quantities indicated as (max) maximum, 
(min) minimum, (/) increasing, )) unchanging and (\) decreasing. Maxima and mi- 
nima in parentheses indicate the presence of a virtual maximum or minimum, i. e. without 
a visible data point on plots but implied by the neaxest data points. 
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o2 - -2 reflected the fact that the height of the upper interface changed little as the 3 
source continued to approach the ceiling. 
The flow rates at the exit vent reduced from 0.27 with both sources 
on the floor to (%ut = 0.20 at a source elevation Of 02 5. This was due to an 
overall reduction in the distances between the sources and the interfaces, resulting 
in smaller volume fluxes at the interfaces. The uniform decrease in exit flow rates 
reflected the uniform increase in source elevation. 
Key results for V) =I as 02 increases: 
" Transition from Flow Regime 2 to Flow Regime I 
" Plume 1 impinges on Interface 2 
" No change in Interface 1 sharpness 
" Interface 2 increases in sharpness 
" Changes in flow properties shown in table 6.2 
" Interfaces diverge 
" Limiting height of Interface 2 determined by radius of Plurne 2 at Interface 2 
" Layer densities diverge 
" Exit flow rate decreases by a small aniount 
6.3 Equal elevations, various strengths 
The starting point for considering the effect of the source strength ratio is the same 
as in section 6.2, namely, the steady flows driven by two equal sources on the floor 
of Box 1, as indicated by the black square (0) in table 6.3. As described, the height 
of the interface was ýl = 0.29, and the flows are shown again in figure 6.3b. 
Decreasing the relative strength of one of the sources, as indicated by arrows 
pointing left (<--) in table 6.3, resulted in the formation of a third layer in between 
the original two layers, driven by the weaker source, and separated from the other 
layers by horizontal interfaces, figure 6.3a (the weaker source is oil the left-hand 
side of the box in this figure). This corresponded to Flow Regime 1 in section 4.3 
(p. 98). The height and sharpness of the lower interface remained unchanged for 
source strength ratios in the range j' :! ý ýb :50, as shown in figure 6.4a. This is also 4--, 
observed by compaxing the visualisations in figure B. 2a (i, vii, xiii, xix) on p. 285. 
At small source strength differences, for example V) = ý3, only two layers were 4 
visible because the density difference between the upper and lower regions of the 
buoyant layer, recorded in figure 6.4b, was not sufficient to overcome the motion of 
fluid within the layer and form a horizontal interface, see figure B. 2a (xiii) (p. 285). 
At a source strength ratio of V) = 1, three layers became visible, albeit with a weak 2 
interface separating the middle and top layers, figure B. 2a (vii), and the height of 
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2 sources 
EV IS 4243 
6 
3 
02 2 
3 
6 
0 
Table 6.3: Map of experiments in Box 1 with 2 sources and 1 Small exit vent. (M) Equal 
sources (v, = 1) on the floor (02 = 0), as shown in figure 6.3b. (4--) Source strength ratio 
decreasing in the range ý' :ý ýO 5 0, as shown in figure 6.3a and (=ý. 
) source strength ratio 4-- 
increasing in the range 0< V) < 4, as shown in figure 6.3r. 
the upper interface was recorded as ý2 = 0.57. This decreased to ý2 = 0.48 at a 
strength ratio of figure 6.3a. In both cases, the plume driven by the weaker 4 
source was observed to impinge on the upper interface, causing wave-like motions 
and localised mixing. The sharpness of the interface increased as the strength ratio 
was reduced due to the increase in the density difference between the middle and 
top layers. 
The dimensionless reduced gravities of the layers are shown in figure 6.4b. It 
should be noted that the quantities are scaled on the total buoyancy flux of the 
sources, as described in section 5.4 (p. 114). Therefore, the plots do not represent 
the absolute densities of layers when the strength of one source was reduced or 
increased while keeping the strength of the other source constant. Instead, the 
plots show the results of changing the source strength ratio while keeping the total 
buoyancy flux constant. 
Reducing the source strength ratio in the range 0 resulted in a relative 4 
reduction of the reduced gravity of the middle layer, supplied by the weaker source, 
despite the fact that the height of the bottom interface remained constant. This was 
accompanied by an increase in the reduced gravity of the top layer, once it became 
visible. The changes in layer densities recorded as a result of changing the source 
strength ratio, at a fixed source elevation Of 02 = 0, were small when compared 
to the changes recorded as a result of elevating one of two equal sources, seen in 
figure 6.2b. This was due to the distances between sources and interfaces remaining 
large when both sources were on the floor. whereas an elevated source was brought 
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Figure 6.3: Box 1 with 2 sources on the floor (02 = 0) and I Small exit vent. Source 
strength ratios of (a) ?P= -1, (b) V) =0 and (c) V) = 4. 4 
increasingly closer to the upper interface. 
The dimensionless flow rates at the exit vent remained fixed at ()Out ; Z: ý 0.27 for 
all the source strength ratios that were studied. The reason for this was that, with 
both sources on the floor, the only parameter governing the volume fluxes at the 
interfaces was the relative strength of the sources. The position of the dominant 
source was always the same with respect to the weaker source. Therefore, assuming 
the total source buoyancy flux to be constant, and with the height of the lower 
interface fixed as shown in figure 6.4a, the volume flux across the interface remained 
constant. 
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Figure 6.4: Box I with 2 sources on the floor (02 = 0) and 1 Small exit vent. (a) Steady 
interface heights, (X) ý17 (+) ý2, (b) steady layer reduced gravities, (x) 
. 
'I, (+) ', and 4 
. 
42 
(c) steady exit flow rates, (x) plotted as a function of source strength ratio, 0. 
It is likely that a reduction in the source strength ratio below 7P =1 would have 4 
led to an overwhelming dominance of the flows by the stronger source, resulting in 
an upper interface height close to that driven by a single source, with the weaker 
source driving a thin middle layer of an insignificantly small reduced gravity 
Increasing the relative strength of one of the sources, as shown by arrows pointing 
right (=*-) in table 6.3, resulted in exactly the same flow characteristics to those 
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described above. Since both sources were located on the floor, increasing the relative 
strength of a source to achieve a ratio of xly had the same effect as reducing the 
relative strength of the source to achieve a ratio of ylx. Therefore, the visualisation 
of the flows at a source strength ratio of V) = 4, shown in figure 6.3c, is a reflection, 
in the vertical axis, of the visualisation shown in figure 6.3a for 1. This 4 
corresponded to Flow Regime 3 in section 4.3 (p. 98). 
The trends in interface heights, layer reduced gravities and flow rates at the 
exit vent, observed and described above for 0= (ý, 1,1) in terms of a reduction 424 
in the source strength ratio, were the same for ý,, = (1.2,4), described in terms 3 
of an increase in the source strength ratio. This is observed by referring to the 
visualisations in figure B. 2b (i, vii, xiii, xtx) on p. 286. 
02 ý0 V, value or range 
Flow property 1 4 < V) <I<<4 
ý2 min (max) Inin 
inin inax Inin 
2 max (min) max 
QOUt 0 ------ 
Table 6.4: Key results in Box 1 with 2 sources on the floor (02 = 0) and I Small exit vent. 
for source strength ratios in the range ý' ý! 0 4. 4- 
Key results for 02 =0 as 0 increases: 
" Transition from Flow Regime I to Flow Regime 2 to Flow Regime 3 
" Plume 1 impinges on Interface 2, if Interface 2 is visible 
41 No change in Interface I sharpness 
" Interface 2 reduces in sharpness as 7ý approaches V), 
" Changes in flow properties shown in table 6.4 
" Interfaces furthest apart when V, is closest to 
" Limiting height of Interface 2 determined by radius of Plume 2 at Interface 2 
" Layer density differences smallest when V) is closest to 0, 
" No change in exit flow rate 
" Third laver and second interface established only at sufficiently small or large 
source strength ratios 
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6.4 Unequal strengths, various elevations 
Section 6.3 showed that the flows driven by two sources on the floor of Box I depend 
on the strength ratio of the sources. It follows, therefore, that the consequences of 
increasing the elevation of a source also depend on the strength ratio of the sources. 
Section 6.2 discussed the case of two equal sources, describing the change. ill interface 
heights, layer reduced gravities and flow rates at the exit vent, that resulted from 
elevating one of the sources. This section considers the changes that occurred in flows 
driven by unequal sources, as either the stronger or the weaker of the two sources 
was elevated. The source strength ratios are V) 1 and V, = 4, corresponding to the 4 
two extreme ratios considered in section 6.3. 
6.4.1 Elevating the stronger source 
The discussion begins with a source strength ratio of V) and both sources on 
the floor of Box 1. as indicated by the left-hand black square (0) in table 6.5, and 
visualised in figure 6.5a. The. flow consisted of three layers, separated hy horizontal 
interfaces, with the middle layer driven by the weaker source (the left-hand source 
in figure 6.5a) and the top layer driven by the stronger source. The plume driven 
by the weaker source impinged on the upper interface, causing wave-like motions 
2 sources 
EV IS 4243 
6 
3 
(ý2 
1 
2 
i 
3 
6 
0 0 
Table 6.5: Map of experiments in Box 1 with 2 sources and 1 Small exit vent. (E) Unequal 
sources. v) =1 and 4, on the floor (02 = 0), as shown in figures 6.5a and C. 4 
Source 2 elevations increasing in the range 0< 02 < ý, as shown in figures 6.5b to d 6 
and 6.5f to h. 
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and localised mixing, however, the interface was visible across tile entire width of 
the box. The interface heights were ýl == 0.29 and ý2 = 0.48. 
Increasing the elevation of the stronger source, as shown by the left-hand arrows 
in table 6.5, resulted in an increase in the height of both interfaces, figure 6.5b. 
The sharpness of the upper interface increased, due to the increase in tile density 
difference between the middle and top layers, and there was a reduction in the 
amount of disturbance caused by the impinging plume from the weaker source. 
There was no change in the sharpness of the lower interface. At a source elevation 
Of 62 = 1, the heights of the interfaces were recorded as ýj = 0.41 and ý2 = 0.73, 
figure 6.5c. 
A further increase in the elevation of the stronger source was accompanied by 
a sharpening, and an increase in the height, of the upper interface. There was no 
change in the sharpness of the lower interface, however, at a source elevation of 
02 = 2, the height of the interface reduced to 0.38, figure 6.5d. A full set 3 
of visualisations, showing six source elevations, is found in figure B. 2a (i to vi) oil 
p. 285. 
Figure 6.6a shows that, as in the case of equal sources, the minimum height of tile 
lower interface was recorded with both sources on the floor (02 = 0). The height of 
the interface reached a maximum of ýl -- 0.41 when the elevated source was located 
at the level of the interface, and reduced at higher elevations of the stronger source. 
The upper interface reached a limiting height as the stronger source approached the 
ceiling of the box, with the depth of the top layer not reducing to below the radius 
of the plume, driven by the stronger source, at the upper interface. 
The trends in interface heights, observed at a source strength ratio of 1P when 4 
tile stronger source was elevated, figure 6.6a, were similar to tile trends observed 
with equal sources, seen in figure 6.2a (p. 142). However, at a strength ratio of 
w=1 the gradients were steeper. For example, at a source elevation Of 02 = 01 4 
the height of the lower interface was approximately equal at both strength ratios, 
but the increase in height observed in the range 0< 02 < ýl was greater in the 
case of unequal sources. Similarly, in the range 02 > ýl the drop was greater with 
unequal sources. In the case of the upper interface, for source elevations Of 02 =0 
and 62 =1 the height of the interface was lower, when driven by unequal sources, 6 
but increased at a steeper gradient in the range 02 -> 
0- 
The reduced gravities of the middle and top layers, shown in figure 6.6b, also 
followed the trends observed in the case of equal sources, seen in figure 6.2b. Tile 
reduced gravity of the middle layer was dependent on the height of the lower interface 
and was largest with both sources on the floor (Q2 = 0)- It decreased as the height, 
of the elevated source was increased to the level of the interface (02 ý--t 0.41) and 
increased again at higher elevations, though this is not clearly shown by figure 6.6b 
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Figure 6.5: Box 1 with 2 unequal sources and 1 Small exit vent. Source strength ratios of 
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(b, c) steady layer reduced gravities, (x) ý2', and (c, f) steady exit flow rates, 
(x) Q,,, t, plotted as a function of Source 2 elevation, (p2. 
due to measurement errors. At a source elevation Of 02 ý 0, the relative reduced 
gravity of the middle layer was lower than in the case of equal sources, and decreased 
at a steeper gradient as the stronger source was elevated. This reflects the fact that 
the relative strength of the weaker source was smaller than that of the stronger 
source, therefore, the reduced gravity of the middle layer was also smaller when 
compared to the reduced gravity of the top layer. 
+ 
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The reduced gravity of the top layer increased continuously as the height of the 
elevated source increased, with the sharpest rise occurring at source elevations above 
02 =L Both qualitatively and quantitatively, the results were similar to the case 3 
of equal sources, seen in figure 6.2b (p. 142). This is an interesting result, since the 
relative strength of the elevated source and the height of the upper interface were 
different between the two strength ratios, at each source elevation. Nevertheless., 
top layers were established with similar dimensionless reduced gravities. 
The flow rates at the exit vent reduced from Qout 0.28 with both sources on 
the floor to Qout = 0.13 at a source elevation Of 02 = The gradient of decrease 6 
was greater than in the case of equal sources. This reflected the dominance of the 
stronger source on the flows, whose changing elevation had a very direct impact in 
the exit flow rates. 
Increasing the elevation of the stronger source in the range 0< 02 at 6 
intermediate source strength ratios of V) and V) resulted in flow properties 42 
and trends that lay somewhere between the flows for V) -- 1, described in section 6.2, 
and ý0 = 1, described in this section. Visualisations of these flows axe found in figure 4 
B. 2a (vii to xviii) on p. 285, and data plots in figures C. 2a (ii, iii), C. 4a (ii, iii) and 
C. 6a (ii, iii), starting on p. 334. 
V! =1 4 (ý2 value or range 
Flow property 0 < 02 < ýl < 02 
ýl mill max 
ý2 mill max 
max mill 
2 min max 
Q. t max mill 
Table 6.6: Key results in Box 1 with 2 unequal sources, and 1 Small exit vent, for 
Source 2 elevations in the range 0 : ý' 02 ýý' 5ý6 * 
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Key results for 01 as Q2 increases: 4 
" Flow Regime I 
" Plume 1 impinges on Interface 2 
" No change in Interface 1 sharpness 
" Interface 2 increases in sharpness 
" Changes in flow properties shown in table 6.6 
" Interface heights change at steeper gradients than for equal sources 
" Limiting height of Interface 2 determined by radius of Plume 2 at Interface 2 
" Greater density differences between layers than for equal sources 
" Exit flow rate decreases at a steeper gradient than for equal sources 
" Stronger source dominates the exit flow rate 
6.4.2 Elevating the weaker source 
The flows driven by two sources on the floor of Box 1, with a strength ratio of 0=4, 
were a reflection, along the vertical axis, of the flows at a ratio of V) ý !,, as described 
above. This corresponded to Flow Regime 3 in section 4.3 (p. 98), &s visualised in 
figure 6.5e and indicated by the right-hand black square (M) in table 6.5. The flows 
consisted of three layers, with the middle layer driven by the weaker source., this time 
located on the right-hand side of figure 6.5e. The interface heights were ýj = 0.29 
and ý2 = 0.48. 
Increasing the elevation of the weaker source, as shown by the right-hand ar- 
rows (fl in table 6.5, resulted in an increase in the height of the lower interface, 
figure 6.5f. At a weaker source elevation of 02 = 1, an upper interface was not 6 
visible because the density of fluid in both plumes was approximately equal at the 
lower interface, and both sources drove a single layer (Flow Regime 2 in section 4.3), 
as shown in figure 6.5f. This indicates that 02 =1 was close to the critical elevation 6 
of the weaker source. At higher elevations of the weaker source, the upper interface 
was again established, albeit weakly, with the elevated, weaker source driving the 
top layer and the stronger source driving the middle layer, corresponding to Flow 
Regime I in section 4.3, figure 6.5g. Visualisations showing six source elevations for 
V; =4 are found in figure B. 2b (xix to xxiv) on p. 286. 
Figure 6.6d shows that the minimum height of the lower interface was recorded 
when both sources were located on the floor (02 = 0) and reached a maximum 
of ýj ;: zý 0.39 when the elevated source was at the level of the interface. At greater 
elevations of the weaker source, the interface remained at an approximately constant 
height. whereas the upper interface continued to rise, reaching a limiting height as 
described for other source strength ratios. This reflected the dominance of the 
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stronger source, which did not change in elevation, in determining the height of the 
lower interface, once Flow Regime I was established. 
Once visible, the upper interface increased in sharpness as the source elevation 
increased, however, the plume driven by the stronger source on the floor caused 
significant wave-like motions and mixing at all source elevations, preventing the 
upper interface from being visible across the whole width of the box, figure 6.5g. No 
change was observed in the sharpness of the lower interface. 
The trends in interface heights were similar to the trends observed with equal 
sources, seen in figure 6.2a (p. 142), however, the gradients were shallower. The 
increase in the height of Interface 2, in the range 02 > 1, was smaller than in the 3 
case of equal sources. Similarly, the decrease in the height of Interface 1, in the 
range 02 > ý1, was so small that it was assumed negligible. 
The reduced gravities of the middle and top layers, shown in figure. 6.6c, did 
not follow the trends established in the case of equal sources seen in figure 6.2b. 
Instead of decreasing in the range 0< 02 :! ý 3, the reduced gravity of the middle 
layer increased, reaching a maximum at 02 Pt: ý1- This was due to the transition 
from Flow Regime 3 to Flow Regime I (via Flow Regime 2) that occurred within 
this range. When both sources were on the floor (62 0), the middle layer was 
driven by the weaker source. At source elevations of 02 13 and above, the middle 
layer was driven by the stronger source, resulting in a greater reduced gravity of the 
laver. Only after this flow regime had been established did the trends follow the 
observations for equal sources. 
The data in figure 6.6e may also be interpreted by considering the heights of 
Interface 1 at 02 =0 and 02 =1 to be the heights of Interface 2, and vice-versa. The 6 
plot then shows two sets of data: an increasing set of interface heights driven by the 
weaker source, and a decreasing set of interface heights driven by the stronger source,. 
The two datasets overlap at 02 ; ý- 0.2. The trends then resemble the observations in 
the case of equal sources, but with greater Interface 1 heights and smaller Interface 2 
heights. This reflects the fact that the density difference between the middle and top 
layers remained relatively small at the majority of elevations of the weaker source. 
The flow rates at the exit vent remained approximately constant at Q-0ut *; ý 0.25 
for all elevations of the weaker source. This again showed the dominance of the 
stronger source on the flows, whose unchanging elevation resulted in unchanging 
exit flow rates. 
Increasing the elevation of the stronger source in the range 0 02 !5ý at 6 
intermediate source strength ratios of V) and V) =2 resulted in flow properties 3 
and trends that lay between the flows for 1, described in section 6.2, and 
v1 = 4. described in this section. Visualisations of these flows are found in figure 
B. 2b (vii to xviii) on p. 286, and data plots in figures C. 2b (ii, iii), CAb (ii, iii) and 
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C. 6b (ii, iii), starting on p. 335. 
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ýý =4 02 value or range 
Flow property 0 < 02 << 02 < 
inin inax 
ý2 max 
1 Max Inin 
ý2 inin inax 
Q. t 
Table 6.7: Key results in Box 1 with 2 unequal sources, ýb = 4, and 1 Small exit vent, for 
Source 2 elevations in the range 0> 02 ý- *Top layer interpreted as Layer 1 and the. - 1) 6 middle layer as Layer 2, for 02 ý (07 6- 
Key results for ý) =4 as 02 increases: 
" Transition from Flow Regime 3 to Flow Regime, 2 to Flow Regime 1 
" Plume 1 impinges on Interface 2 
" No change in Interface 1 sharpness 
" Interface 2 increases in sharpness 
" Clianges in flow properties shown in table 6.7 
" Interface heights change at shallower gradients than for equal sources 
" Limiting height of Interface 2 determined by radius of Plume 2 at Interface 2 
" Smaller density differences between layers than for equal sources 
" Exit flow rate decreases at a shallower gradient than for equal sources 
" Stronger source dominates the exit flow rate 
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6.5 Unequal elevations, various strengths 
Section 6.3 described the effect of the source strength ratio on flows driven by two 
sources on the floor of Box 1. This section studies the effect of the source strength 
I ratio with one of the sources at ail elevation Of 02 ý3 and 02 starting with a 3 
source strength ratio of V) in each case, as indicated by the black squares (M) in 4 
table 6.8. 
2 sources V 
EV = 1S 
4 
424 
6 
? 
3 => 
02 2 
i 
3 N =* => => =* 
6 
0 
Table 6.8: Map of experiments in Box 1 with 2 sources and 1 Small exit vent. (M) I Tnequal 
sources. ý, = 1, with Source 2 elevations Of 02 ý (1 2) as shown iii figures 6.7a and d. 4 31 31 
Source strength ratios increasing in the range j1 !ý04, as shown in figures 6.5b 4 
to c and 6.5e to f. 
At a source elevation Of 62 =1 and a strength ratio of 0=1, shown in 34 
figure 6.7a, the interface heights were ýj = 0.41 and ý2 = 0.73. Decreasing tile 
relative strength of the elevated source, i. e. increasing tile source strength ratio, as 
shown by the lower set of arrows (==>) in table 6.8, resulted in an small decrease in 
the height of the lower interface and an increase in tile height of the upper interface, 
figure 6.7b. 
The sharpness of the lower interface increased as the density of middle laYer 
increased relative to the bottom layer, which was at an ambient density. The sharp- 
ness of the upper interface decreased as the density difference between the middle 
and top layers became smaller. The effect of the plume, from the source on the floor. 
impinging on the upper interface increased as tile strength of this source increased. 
relative to the elevated source. These trends continued as the strength of the ele- 
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Figure 6.7: Box I with 2 unequal sources and 1 Small exit vent. Source 2 elevations of 
(a to c) 02 =1 and (d to f) 02 2- Source strength ratios of (a, d) 
1, (b, e) 334 
and (c, f)ýb=4. 
vated source decreased to below the strength of the source on the floor, figure 6.7c. 
However. at source strength ratios in the range V) > 2, the gradients of increase 
and decrease became insignificantly small, figure 6.8a. At a source strength ratio 
of ?ý=4, the interface heights were ýl = 0.39 and ý2 = 0.86. The flows at the full 
range of source strength ratios are visualised in figures B. 2a (iii, ix, xv, xxi) and 
B. 2b (Zx,, xv, xxi), starting on p. 285. 
At a source elevation Of 02 =1 and a strength ratio of shown in 34 
figure 6.7d, the interface heights were ýl = 0.38 and ý2 0.94. Increasing the 
source strength ratio., as shown by the upper set of arrows ill table 6.8, resulted 
I c) 
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Figure 6.8: Box 1 with 2 sources and 1 Small exit vent. Source 2 elevations of 
(a to c) 02 =1 and (d to f) 02 = 2. (a, d) Steady interface heights, (x) ý1, (+) ý21 33 
(b, c) steady layer reduced gravities, (x) ý2', and (e, f) steady exit flow rates, 
(x) plotted as a function of source strength ratio, 7ý. 
in small fluctuations in the heights of both interfaces, but virtually no overall change 
figure 6.8d. Due to the proximity of the elevated source to the ceiling, the depth of 
the top layer was determined exclusively by the plume geometry, unlike in the case 
of a plume elevation Of 02 1. For this reason, the height of the upper interface 3 
remained fixed. 
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As the source strength ratio increased, the sharpness of the lower interface in- 
creased, while the sharpness of the upper interface decreased, figure 6.7e. The 
plume driven by the source on the floor impinged on the upper interface, however., 
this did not cause as much disturbance to the interface as at a source elevation of 
0.2 = 1. This was due to the relatively higher reduced gravity of the top layer. 3 
At a source strength ratio of V) = 4, the interface heights were 0.38 and 
ý2 = 0.94, figure 6.7f. The full range of source strength ratios is visualised in 
figures B. 2a (v, xi, xvii and xxiii) and B. 2b (xi, xvii arid xxiii), starting oil p. 285. 
At both source elevations, the relative reduced gravity of the middle layer in- 
creased as the source elevation increased, without reaching a plateaux. At a source 
elevation of 02 = 1, the relative reduced gravity of the top layer remained approxi- 3 
mately constant up to a source strength ratio of V) = 2, after which it decreased. 
The recorded results of the reduced gravity of the top layer for a source elevation 
Of 02 =ý were scattered and did not show a clear trend. This was due to the 3 
difficulties associated with making density measurements of fluid samples extracted 
from thin layers. It is assumed that the actual trend was similar to that observed 
at lower source elevations, as described above and seen in figures C. 8a (z to Zii) arid 
C. 8b (i), starting on p. 349. 
The densities of the middle and upper layers approached each other as the source 
strength ratio approached the critical ratio, 0, at which both sources would have 
driven a single buoyant layer. With both sources on the floor (02 = 0), this occurred 
at a source strength ratio of = 1, see figures 6.3b and 6.4b on pp. 146 and 147. 
At a source elevation Of 02 = this would have occurred at a large source strength 3 
ratio, V) > 4, when the density of the fluid in both plumes would have been equal at 
the lower interface. Figure 6.7c shows flows that are close to this, as evidenced by 
the faintness of the top layer. At a source elevation Of 02 =2 the elevated source 3 
was located within the middle laver, therefore, a critical flow would have occurred 
when the density of the middle layer was equal to the density of fluid at the elevated 
source. Figure 6.8e suggests that, to achieve this, the source strength ratio would 
have had to significantly exceed ý) = 4. 
In both cases, the dimensionless flow rates at the exit vent increased as the 
source. strength ratio increased, figures 6.8c and 6.8f. The reason for this was that, 
at small ratios, the stronger, dominant source was elevated, which limited the flow 
rates that were driven by its plume due to its proximity to the tipper interface. As 
the strength ratio increased, the source on the floor became more dominant, which 
drove higher flow rates due to the greater distance between the source and the lower 
interface. As the source strength ratio increased, the gradient of increase in the exit 
flow rates became shallower as they approached the flow rate that would have been 
driven by a single source on the floor. 
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Increasing the source strength ratio in the range ý' :5 ?ý :ý4, at source elevations 4- 
Of 02 resulted in flow properties and trends that followed the patterns 626 
described in this section and section 6.3. Visualisations of these flows axe found in 
figures B. 2a and B-2b, starting on p. 285, and data plots in figures C. 8a (ii) and 
C. 8b (i, iii), C. 9a (ii) and C. 9b (i, iii), and C. 10a (ii) and C. 10b (i, iii), starting oil 
p. 349. 
0= (1, ?) 233 ý, value or range 
Flow property 4 <0<2<< 4 
ý2 min inax 
Inin max 
inin 
Table 6.9: Key results in Box I with 2 sources at Source 2 elevations Of (ý2 ý (1 1 
2) and 33 
1 Small exit vent, for source strength ratios in the range ý' 2! ýb > 4. 4- 
Key results for 02 
1 and 02 
1 
as 0 increases: 33 
" Flow Regime I 
" Plume I impinges on Interface 2 
" Interface I increases in sharpness 
" Interface 2 reduces in sharpness 
" Changes in flow properties shown in table 6.9 
" Interfaces diverge 
" Limiting height of Interface 2 determined bv radius of Plume 2 at Interface 2 
* Buoyant layer densities converge 
40 Exit flow rate increases 
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6.6 Various floor areas 
The study of source elevations and strength ratios was carried out in Box 1, as 
described in sections 6.2 to 6.5. However, the study of opening areas was hampered 
in Box I due to its relatively small floor area, Sb,, = 1200 CM2, which resulted in 
a large amount of mixing within the flows when more than I Large exit vent was 
open, i. e. when the exit opening area was in the range a .. t> 19.63 cm 
2. This 
mixing was partly caused by an increase in the heights of the interfaces, due to 
the increase in exit vent area, which resulted in lower layer reduced gravities and 
higher plume velocities at the levels of the interfaces. The combined effect was a 
larger amount of fluid movement within the layers, especially at boundaries such 
as the walls and ceiling, and where plumes impinged onto interfaces. The second 
cause was an increase in the ratio of exit to entry opening areas, which has been 
shown by Coffey & Hunt (2004a) to drive mixing at the lower interface, Caused by 
an increase in the velocity of fluid flowing in through the entry vents. The relatively 
small floor area of Box I meant that the amplified fluid inovc-inents were contincd 
within a small space and caused a relatively large amount of mixing and interfacial 
disturbances such as wave-like motions. Indeed, at exit vent areas in the range 
a,, t > 19.63 cm', the precise height of the lower interface was difficult to discern, 
and the upper interface was, generally, not visible at all, see figure BA (xllii to xviill) 
on p. 289. 
To overcome this problem, a box with a larger floor area was used to study the 
effects of the exit opening axea, as described in section 3.2 (p. 65). The floor area 
of Box 2, Sb,,, = 2500 cm 2, was more than twice that of Box 1 and resulted in 
clear interfaces being driven at riluch higher exit vent areas than ill Box 1. Six exit 
opening areas were studied using Box 2, as opposed to just three using Box 1. 
To minimise the amount of mixing driven by inflowing fluid, the maximum entry 
opening was used in both boxes by opening all the available entry vents. In Box 2 
this achieved a total entry opening area of aj, = 573.34 C, 112' whereas in Box 1 this 
was ain = 227.77 cm 2. In both boxes, the entry opening areas were sufficiently large 
to not affect the total effective opening axea (expressed by (5.13) on p. 117). Since 
the heights of both boxes were the same, the effective. opening areas scaled oil the 
box height were the same in both boxes. 
Box 1 and Box 2 were, therefore, theoretically compatible for studying the flows 
driven by two localised sources. However, it was essential to check this in practice 
before comparing the results from experiments carried out in Box 2 with the re- 
sults from Box 1. This section compares the flows at the two different floor arms. 
driven by two equal sources with similar source and ventilation conditions. This 
is illustrated with source elevations Of 02 and (ý2 = ý', and an exit opening 2 
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area of a,,, t = 7.06 cin' (1 Small exit vent). These were similar to the conditions in 
section 6.2, and drove flows that highlighted some of the reasons for usin. " Box 2. 
Their locations on the experiment parameter map is shown by black squares (0) in 
table 6.10. 
2 sources 
EV 1S 24 4243 
6 
2 
3 0000 
02 2 
3 
6 
0 
Table 6.10: Map of experiments in Box 1 with 2 sources and I Small exit vent. (0) Equal 
sources (7ý = 1) with Source 2 elevations of 02 -1, as shown in figures 6.9a and c, and 6 
02 as shown in figures 6.9b and d. 2 
Figure 6.9 shows that, at fixed source elevations, the flows at the two floor 
areas were similar. The positions of the lower interfaces were equal, as indicated 
by the boundary between the dark and light bands, visible at the interfaces in 
visualisations. In Box 2, these bands were wider, which was a result of Box 2 being 
considerably longer than Box 1, figures 6.9c and d. This meant that, in shadowgraph 
visualisations, the refraction of light at the interface within Box 2 covered a greater 
distance and formed wider bands oil the shadowgraph paper. The lower interface was 
sharper in Box 2, which improved the reliability of interface height measurements. 
The upper interface was also sharper in Box 2. Figure 6.9a shows that, at a 
source elevation of 02 = 1, the upper interface was barely visible in Box 1. This was 6 
largely due to the impinging plume. from the source on the floor, causing mixing 
and wave-like motions at the interface. In Box 2, the upper interface, although 
weak. was clearly visible, figure 6.9c. The reason for this was that the amount of 
mixing at the interface, driven by the impinging plume, was the same in both boxes, 
however. in Box 2 this accounted for a smaller proportion of tile total surface area 
of the upper interface. Similarly, the wave-like motions caused by the impinging 
plume were attenuated over a larger area, creating less overall disturbance on the 
interface. 
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Figure 6.9: Comparison of Box I and Box 2 ventilation with 2 equal sources (0 = 1) and 
1 Small exit vent. Flows driven in (a, b) Box 1 and (c, d) Box 2 for Source 2 elevations of 
(a 
, c) 
02 =1 and (b, d) 02 =1 62 
At a source elevation Of 02 ý 1, the upper interface was clearly visible in Box 1, 2 
as was the mixing caused by the impinging plume, figure 6.9b. In Box 2, the interface 
was sharper, and the mixing was less apparent, figure 6.9d. 
Figure 6.10a shows good agreement between the height measurements of both 
interfaces. Measurements of the reduced gravities of the buoyant la ' vers were also 
in 
overall agreement, figure 6.10b, with discrepancies due to fluid sample density mea- 
surement errors. Estimated flow rates at the exit vents showed excellent agreement. 
figure 6.10c. 
These results show that the results of experiments carried out in Box 1 and Box 2 
were compatible, when using the shadowgraph visualisation technique and density 
measurements made using fluid samples. 
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Box 1, Box 2 
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Figure 6.10: Comparison of Box I and Box 2 ventilation with 2 equal sources (0 = 1) and 
1 Small exit vent. (a) Steady interface heights in Box 1, (D) ý1, (ý)) ý2, and in Box 2, 
(x) fi, (+) ý2, as measured using the shadowgraph technique. (b) Steady layer reduced 
gravities, (EI) in Box 1 and (x) in Box 2 as measured using a density 
meter. (c) Steady exit flow rates, in (EI) Box 1 and (x) Box 2. All data plotted as 
a function of Source 2 elevation, q)ý2. 
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Key results when floor area is increased: 
" No change in flow regime at sufficiently high, or low, 0 and high 02 
" Smaller wave-like motions on Interface 2 as a result of Plume I impingement 
" Both interfaces increase in sharpness 
" No change in interface heights, layer densities or exit flow rates 
" At V) close to 1 and low 02, Interface 2 is visible only at the larger floor area 
6.7 Various visualisation techniques 
Interface height measurements ill Box 1 were made using the shadowgraph technique. 
as described in section 3.3 (p. 74). Layer densities were measured using samples of 
fluid taken from the middle of each layer, and exit flow rates were estimated using 
the measured densities and interface positions. In section 6.6, measurements rnade in 
Box 2 using the same technique were shown to agree with the results of experiments 
in Box 1. However, this method of measuring interface heights was cumbersome and 
prone to human error, requiring judgments to be made about the precise positions 
of interfaces. Layer density measurements assumed that each layer was of uniform 
density, and required good judgment to obtain samples from a location within each 
layer that was representative of the whole layer. 
The shift to the use of Box 2 for carrying out experiments was accompanied by all 
opportunity to use the light-attenuation technique, as described in section 3.4 (p. 75). 
This enabled detailed density profiles to be extracted from visualisations, from which 
interface height measurements and exit flow rate estimates were made automatically. 
Although this required much data processing, the results were consistent and less 
prone to human error than in the case of experiments using the shadowgraph tech- 
ilique and manual density measurements. 
This section compares the flows in Box 2, studied ill section 6.6, measured using 
the shadowgraph technique and the light-attenuation technique, i. e. two equal 
sources with elevations of 02 =1 and 02 = 1, and an exit opening created by 62 
opening I Small vent, as shown by the black squares (0) in table 6.10. 
Figures 6.11a show a shadowgraph visualisation of the steady flows driven by 
equal sources at an elevation of 02 = 1. The same experiment is visualised using 6 
the light-atterniation technique and false colours in figure 6.11c. On both images, 
the positions of the upper and lower interfaces are clearly visible, indicated bv the 
boundaries between light and dark bands in figure 6.11a, and by sharp changes in 
colour in figure 6.11c. The same is true for a source elevation Of 02 1, seen by 2 
comparing figures 6.11b and d. 
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Figure 6.11: Box 2 with 2 equal sources (ýb = 1) and 1 Small exit vent. Flows visualised 
using (a, b) the shadowgraph technique and (c, d) the light-attenuation technique for 
Source 2 elevations of (a, c) 02 = g' and (b, d) 02 = ý' 62 
In the light-attenuation visualisations, the regions above interfaces contained 
multi-coloured bands, indicating an apparently gradual change in density between 
the layers below and the layers above. This was a result of the parallax that resulted 
from the difference in height of the light source, the interface and the camera, and is 
explained in detail in subsection 3.4.5 (p. 81). In the majority of experiments. there 
was, in reality, a sharp density step across interfaces. In visualisations, the inter- 
faces were located along the bottom boundaries of the bands, as seen by comparing 
figures 6.11c and d with figures 6.11a and b. 
Vertical density profiles were generated from a vertical band of data extracted 
from each light-attenuation visualisation, located in the positions shown by blue 
lines () in figures 6.12a and b. The images in these figures are copies of gures 
6.11c and d, horizontally compressed to fit tile available space. The density pro- 
files are shown in figures 6.12c and d. Interface positions were inferred from tile 
profiles by following the procedure described in subsection 3.4.5 (p. 81), and are 
shown by red lines () and green lines ( ). The interface heights measured from 
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Figure 6.12: Box 2 with 2 equal sources (V) = 1) and I Small exit vent. Flows visualised 
(and horizontally compressed to fit within the same box) using (a, b) the light-attenuation 
technique and (e, f) the shadowgraph technique. (c, d) Density profiles, measured using 
the light-attenuation technique, at the columns shown by blue lines () in (a) and (b). Po- 
sitions of interfaces shown by red lines Interface 1) and green lines Interface 2), as 
extrapolated using the light-attenuation technique. Source 2 elevations of (a, c, e) 02 ý6 
and (b, d, f) 02 - 11. 
light-attenuation visualisations showed excellent agreement with measurements ta- 
ken from shadowgraph visualisations, as shown in figure 6.13a, and as seen by com- 
paring figures 6.12c, d, e and f. 
The light- attenuation visualisations revealed that the densities of the middle 
layers were not quite uniform, but the layers increased in reduced gravity between 
the lower interface and the upper interface. However, the variations in density were 
small when compared to the density differences between layers, as shown by the pro- 
files. The profiles also showed that the mean densities of the middle layers occurred 
halfway between the lower and upper interfaces., meaning that fluid samples taken 
from the middle of layers were representative of the mean densities of the layers. 
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Figure 6.13: Box 2 with 2 equal sources (7P = 1) and 1 Small exit vent. (a) Steady 
interface heights, (EI) ýli (0) ý2, measured using the shadowgraph technique and (x) ý1, 
(+) ý2, measured using the light-attenuation technique. (b) Steady layer reduced gravities, 
(11) ý,, (0) §2, measured using a density meter and (x) ýI, (+) ý2', measured using the 
light-attenuation technique. (c) Steady exit flow rates, Q,, t, inferred (EI) from density 
meter measurements and (x) using the light-attenuation technique. All data plotted as a 
function of Source 2 elevation, 02. 
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The mean densities of the middle layers, calculated from light- attenuation visualisa- 
tions, showed good agreement with measurements using density samples, as shown 
in figure 6.13b. Small differences were observed in the mean density measurements 
of the top layers. This was due the lower perceived densities in the parallax regions 
above the upper interfaces in light- attenuation visualisations, which were included 
in the calculations of mean densities of the top laver. However, this did not affect 
the calculation of flow rates at the exit vents, which were in excellent agreement 
between the two methods, figure 6.13c. 
A comprehensive comparison of results involving two sources in Box 2, obtained 
using the shadowgraph technique and the light-attenuation technique, is shown in 
figures C. 15a to C. 17c, starting on p. 367, and shows the same trends as described 
above. 
The three smallest exit vent areas used in Box 2 were equal to the three areas 
used in Box 1, allowing a direct comparison of the flows to be made for a range 
of experiments using the light attenuation technique in Box 2, and the shadow- 
graph technique in Box 1. The results are shown in figures C. 18a to c, starting on 
p. 376, and show that the two boxes, visualisation and measurement techniques were 
compatible, producing very similar results. 
Key results from comparing visualisation techniques: 
9 No change in flow regime, but more detail visible on light-attenuation visuali- 
sations 
0 Time-averaged effect of Plume. I impinging on Interface 2 visible only on light- 
attenuation visualisations 
0 No change in Interface 1 sharpness 
0 Interface 2 sharper on time-averaged light-attenuation visualisations 
0 No change in Interface heights 
0 No change in Layer 1 density measurements 
0 Lower Layer 2 density measurements using the light-attenuation technique 
0 Vertical density profiles are revealed by light-attenuation visualisations 
0 No change in exit flow rates 
0 The two techniques are compatible and produce similar results 
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6.8 Equal elevations, various vent areas 
The starting point for considering the effect of the exit ventilation opening area is 
the same as the starting points in sections 6.2 and 6.3., namely, the steady flows 
driven by two equal sources (V) = 1) on the floor (Q2 = 0) with I Small exit vent, 
as indicated by the black square (0) in table 6.11. The difference is that, from this 
point forward, the flows that were driven in Box 2 and not in Box 1. The flows 
consisted of two layers separated by a horizontal interface, on which no wave-like 
motions were observed, figure 6.15a. The height of the interface, measured using 
the light- attenuation technique, was ýj = 0.28. 
2 sources 
EV IS 424 
6 
3 
02 2 
3 
6 
0 
Table 6.11: Map of experiments in Box I with 2 sources and I Small exit vent. (0) Equal 
sources (ý, = 1) on the floor (02 = 0), as shown in figure 6.15a. 
In sections 6.2 to 6.7, the experiments were identified on the two-dimensional 
map shown in table 6.11. The rows (x-axis) corresponded to various elevations of 
Source 1 02, and the columns (y-axis) to various source strength ratios, V'. Tile 
map was limited to representing experiments carried out at a single exit vent area, 
achieved with 1 Small exit vent. 
By adding a third dimension to the map, the capacity to represent all the 
above experiments at various opening areas was created, býy the addition of depth 
(z-axis) to the rows to correspond with various exit vent openings, EV, as shown 
in figure 6-14a. The 2-D map, shown in table 6.11, accounts for the front face of 
tile 3-D map shown in figure 6.14b, which consists of the three axes illustrated in 
figure 6.14a. The variation in the number of exit ventilation openings for equal 
sources oil the floor of Box 2 is represented by the arrow in figure 6.14b. 
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(b) 
Figure 6.14: (a) Axes showing the three primary experimental variables: Source 2 eleva- 
tion. 02, source strength ratio, ip, and exit opening area represented by the number of 
open exit vents, EV. (b) Three-dimensional schematic of the experiment mapping system, 
showing table 6.11 on the (0,02) plane and table 6.12 on the (EV, 02) plane. 
The study into the effect of exit vent areas was confined to equal sources (ýb = 1). 
Therefore, in the following sections, it is sufficient to use a 2-D map with columns 
corresponding to various exit vent openings, EV, and rows corresponding to various 
source elevations, V)2, as shown in table 6.12. 
Increasing the exit vent area for flows driven by two equal sources oil the floor 
(02 = 0), as shown by arrows (==>) in table 6.12, resulted in an increase in the height 
of the single interface. This occurred because the interface settled to a position 
in which the volume flow rate driven by the buoyant layer identically illatched the 
volume flow rate supplied by the two plumes at the level of the interface. Increasing 
the exit vent area resulted in an increased volume flux through the vents, whereas the 
volume flux through the plumes at the interface remained unchanged. The volume 
flux driven by the buoyant region itself out of the vents, thereforc, inatched the 
supply with a thinner layer, i. e. the interface moved upwards. This also resulted in 
a lower reduced gravity of the buoyant layer and a reduction in its sharpness. due to 
the smaller density difference between the ambient and buoyant layers, figure 6.15b. 
2, At an exit vent area of a,,, t = 58.90 cin created by opening 3 Large vents, wave 
like motions were clearly visible on the interface, driven by the greater fluid velocities 
in the plumes at the interface, resulting from the increased distance between the 
sources and the interface, figure 6.15c. The interface height was ýl = 0.63. Tile 
smaller restoring force acting oil the interface, resulting from a decreased density step 
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2 sources Exit Vents 
1 1S IL 2L 3L 4L 8L 
5 
9 
2 
002 
0 
Table 6.12: Map of experiments in Box 2 with 2 equal sources (ip = 1) on a new mapping 
template. (0) Sources on the floor (02 = 0) with I Small exit vent, as shown in table 6.11 
and figure 6.15a. (=: ý-) Exit vent areas increasing in the range 1 Small < EV <8 Large, as 
shown in figures 6.15b to d. 
across the interface, meant that the amplified fluid motions had a greater impact on 
its profile. A further increase in the vent area to 8 Large vents (a,,,,, = 157.08 cin 2) 
resulted in a turbulent interface whose mean height of ýj = 0.75 was difficult to 
estimate by eye, figure 6.15d, though this was easily achieved using time-averaged 
light- attenuation visualisations. The flows at the full range of exit vent areas are 
visualised in subfigure (i) of figures B. 5a to f, starting on p. 290. 
Using the technique described in section 5.8 (p. 118) to estimate the discharge 
coefficient, a dimensionless effective opening area, A*IH2, was calculated for each 
experiment. This was used to create dimensionless plots showing the change in 
interface heights, layer reduced gravities and exit flow rates, aýs the exit vent area 
was increased. 
Figure 6.16a shows that, as the effective opening area increased, the height of 
the interface increased, reaching a limiting height determined by the geoinetrY of 
the plumes at the interface. This was accompanied by a decrease in the reduced 
gravity of the buoyant laver, figure 6.16b. 
The flow rate at the exit vents increased as the vent area increased, however. 
the gradient of increase became smaller as, the depth of the buoyant layer, and its 
reduced gravity, both decreased, figure 6.16c. 
Similar trends were also observed in the case of unequal sources located on the 
floor of the box. These are seen in subfigures (i) and (iii) of figures C. 11a, C. 12a 
and C. 13a, starting on p. 355, although the number of data points is smaller. 
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Figure 6.15: Box 2 with 2 equal sources (ýb = 1) on the floor (02 = 0). (a) 1 Small exit 
vent. (b) 1 Large exit vent, (c) 3 Large exit vents and (d) 8 Large exit vents. 
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Figure 6.16: Box 2 with 2 equal sources (0 = 1) on the floor (02 0). (a) Steady interface 
heights, (X) ý19 (+) ý21 (b) steady layer reduced gravities, (x) (+) ý2', and (c) steady 
exit flow rates, (x) plotted as a function of effective opening area, A*IH2. 
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62 =0 A*/11' value or range 
Flow property 0.01 < A*1H 2< 0.08 < A*/H 2<0.15 
min m ax 
max min 
QOUt min max 
Table 6.13: Key results in Box 2 with 2 equal sources (? p = 1) on the floor (02 = 0), for 
effective opening areas in the range 0.01 > A*/H2 > 0.15. 
Key results for 452 =0 as A*/ 112 increases: 
" Flow Regime 2 
" Interface reduces in sharpness 
" Changes in flow properties shown in table 6.13 
" Interface height increases 
" Reduced gravity of buoyant layer decreases 
" Exit flow rate increases 
" Wave-like motions and mixing at interface increase 
6.9 Unequal elevations, various vent areas 
Section 6.8 established the effect of the exit vent, area oil the flows driven by two 
equal sources located on the floor. This section studies the impact of increasing 
the vent area when one of the sources is at an elevation Of 02 ý1 and 02 ý2 33 
The discussion begins with I Small exit vent in each case, as indicated by the black 
squares (M) in table 6.14. 
The flows driven by two equal sources at an elevation Of 02 with I Small 3 
exit vent (a,,, t = 7.06 Cnl2) consisted of three layers with a sharp lower interface 
and a cleax, but less sharp, upper interface. The plume from the source on the floor 
impinged on the upper interface driving wave-like motions on the interface and some 
local mixing, however, the interface was visible across the entire width of the box. 
The interface heights were ýl = 0.39 and ý2 = 0.81, figure 6.17a. The flows at a 
source elevation Of 0ý2 =1 were very similar, except that the upper interface was 3 
higher, at an elevation Of 6ý0.95. The lower interface was slightly lower, having 
an elevation of ýl = 0.37, figure 6.17c. 
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2 sources Exit Vents 
I ls IL 2L 3L 4L 8L 
6 
2 
02 2 
i 
3 
0 => => => => 
6 
0 
Table 6.14: Map of experiments in Box 2 with 2 equal sources (0 = 1). (0) 1 Small exit 
vent with Source 2 elevations Of 02 ý (1ý ? ), as shown in figures 6.17a and c. (=ý-) Exit 33 
vent areas increasing in the range 1 Small < EV <8 Large, as shown in figures 6.17b to d 
and 6.17f to h. 
Increasing the exit vent area to a,,, t = 19.63 cin 2, achieved with I Large vent, 
resulted in an increase in the heights of both interfaces at both source elevations. 
The sharpness of the interfaces reduced, and the impact of the plume, driven by the 
source on the floor, impinging on the upper interface was amplified, figure 6.17b. At 
a source elevation Of 02 = ý, the top layer was not visible in the region local to the 3 
impinging plume, figure 6.17f. This was due to the decrease in the density difference 
between layers, resulting in smaller restoring forces acting on the interfaces, making 
them more susceptible to wave-like motions, mixing and other disturbances caused 
by fluid motions. 
At a vent area of a,, t = 58.90 cm 2, achieved with 3 Large vents, the tip- 
per interface was no longer visible on shadowgraph visualisations in the case of 
a source elevation of 02 = 1, figure 6.17c, although an interface could be detected 3 
on light-attenuation visualisations. The heights of the. interfaces were 0.72 
and ý2 = 0.90. This was also the case at a source elevation of 02 = ý, at which 3 
the interface heights were ýl = 0.77 and ý2 = 0-95. Wave-like motions were clearly 
visible on the lower interface, especially in the region local to tile plume driven by 
the source on the floor. This was a result of the fluid from the plume overturning as 
it entered the middle layer, and was amplified by the reduced buoyancy and depth 
of the layer. 
With 8 Large exit vents and a vent area of a,,, t = 157.08 CM2, only a single 
buoyant layer was visible on shadowgraph visualisations, and its depth was close to 
the radius of the plume driven by the source on the floor, at the interface between 
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Figure 6.17: Box 2 with 2 equal sources (ýb = 1). Source 2 elevations of (a to d) 02 = -ýj 
and (e to h) 02 = ý. (a, e) I Small exit vent, (b, f) 1 Large exit vent, (c, g) 3 Large exi t 3 
vents and (d, h) 8 Large exit vents. 
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Figure 6.18: Box 2 with 2 equal sources (ýb = 1). Source 2 elevations of (a to C) 462 = 
13 
and (d to f) 02 = 
2. (a, d) Steady interface heights, (X) ý21 (b, e) steady layer 3 
reduced gravities, (x) ý2', and (c, f) steady exit flow rates, (x) plotted as a 
function of effective opening area, A*IH2. 
the ambient and buoyant fluid. The interface itself was weak and strongly disturbed 
by wave-like motions. The flows at the full range of exit vent areas are visuallsed in 
subfigures (ii? ) and (v) of figures B. 5a to f, starting on p. 290. 
At both source elevations, as the area of the exit vents was increased, the change 
in the height of the lower interface was similar to the change observed with two 
sources on the floor, as described in section 6.8. However, the overall height of 
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Figure 6.19: Box 2 with 2 equal sources 1). Steady exit flow rates, (x) Q,, t, 
plotted as a function of effective opening area, A*IH2, for Source 2 elevations of 
(7 ý2 ý(0ý gl ýlj 11 ý2 65 61 31 21 31 6)* 
the interface was greater, due to the fact that one of the sources was elevated, 
figure 6.18a. Figure 6.18d indicates that the limiting depth of the middle layer was 
close to the radius of the plume driven by the source of the floor, at the lower 
interface. The height of the upper interface increased as the vent area increased, tip 
to the height at which the depth of the upper layer was of the order of the radius of 
the plume driven by the elevated source, at the interface, figure. 6.18a. At a source 
2 elevation Of Q2 the upper interface was at the limiting height for all the exit 
vent areas. 
The trends followed by the reduced gravities of the middle and top layers were 
similar to the trends observed with two sources on the floor (section 6.8) and showed 
a decrease of reducing gradient as the exit vent area increased, figures 6.18b and C. 
The flow rates at the exit vent were almost identical to those observed with two 
sources on the floor, figures 6.18c and f. Indeed, the flow rates were very similar 
at all source elevations. Figure 6.19 shows the flow rates driven by two sources at 
all six elevations. plotted together as a function of effective opening area. The flow 
rates were insensitive to the elevation of the sources and depended primarily on the 
opening area of the exit vents. 
The trends were similar trends at all six source elevations, for both equal and 
unequal sources, as shown in figures C. 11 a to C. 12 c, starting on p. 355. 
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?) 02 ý (13' 3 
4*/ 112 value or range 
Flow property 0.01 < A*1H 2< 0.08 < A*1H 2< 0.15 
ýi min max 
ý2 min max 
I max min 
. 
4/ 2 max min 
QOut min max 
Table 6.15: Key results in Box 2 with 2 equal sources (ýb 1) and Source 2 elevations of 
02 = (51,23), for effective opening areas in the range 0.01 A*1H 
2 0.15. 
3 
Key results for 02 
1 
and 02 2 as A*IH2 increases: 33 
" Flow Regime 1 
" Plume I impinges on Interface 2 
" Both interfaces reduce in sharpness 
" Changes in flow properties shown in table 6.15 
" Interfaces converge 
" Layer densities converge 
" Limiting height of Interface 2 determined by radius of Plume 2 at Interface 2 
40 Exit flow rates are insensitive to source elevation 
6.10 Various vent areas and elevations 
This section discusses the effect of an increase in source elevation for opening areas 
created by opening 1 Small, I Large, 3 Large and 8 Laxge exit vents. The effect 
of increasing the elevation of one of two equal sources has been discussed in detail 
in section 6.2 for the case of 1 Small exit vent. In addition to this, the effect of 
exit vent area on the flows with both sources on the floor has been discussed in 
section 6.8. These discussions are not repeated in this section. Instead, this section 
focuses on the differences in the trends of interface heights, layer reduced gravities 
and exit flow rates, that were observed when the source elevation was increased at, 
different exit vent areas. 
181 
Chapter 6 Analysis of two sources 
The starting points for the discussion are the flows driven by two sources on the 
floor, as shown bN- the black squares (M) ill table 6.16. The flows in each case are 
described in section 6.8. The effect. on interface heights, of increasing the source 
2 elevation in the case of 1 Small exit vent, with an area of a,,, t = 7.06 cin , is shown ill 
figure 6.20a. As described in section 6.2, as the source elevation increased, the height 
of the upper interface increased continuously and the height of the lower interface 
increased up to a source elevation Of 4ý2 = ý1, beyond which the interface decreased 
in height. Increasing the exit vent area to a,,,, t = 19.63 CM2 and a,,, t = 58.90 cm 2, 
achieved with 1 Large and 3 Large vents, respectively, resulted in the same trends 
being observed, with both interfaces at higher elevations., figures 6.20d and 6.21a. 
2 sources Exit Vents 
vI IS IL 2L 3L 4L 8L 
6 
2 
02 2 
1 
6 
0 
Table 6.16: Map of experiments in Box 2 with 2 equal sources (ý, = 1). (0) Sources on 
the floor (02 = 0), as shown in figures 6-15a to 6.15d. (ý) Source 2 elevations increasing 
in the range 0< 02 :5ý, for 1 Small exit vent (figures 6.17a and e), 1 Large exit vent 6 
(figures 6.17b and f), 3 Large exit vents (figures 6.17c and g) and 8 Large exit vents 
(figures 6.17d and h). 
At an exit vent area of a,.,, t = 157.08 cm2 , achieved with 8 Large vents, the height 
of the lower interface seemed to reach a peak at source elevations below the level of 
the interface, figure 6.21d. However, a closer inspection of figure B-5f (p. 295) shows 
that the height of the lower interface was not uniform across the width of the box, 
and was lower in the locality of the plume driven by the source on the floor. By 
considering the height of the interface in these regions, the interface was found not 
to change in height as the source elevation increased. The reason for this was that, 
at all exit vent areas, the depth of the buoyant layer above the interface was close 
to the radius of the plume at tile interface. 
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Figure 6.20: Box 2 with 2 equal sources (0 = 1). (a, d) Steady interface heights, (x) ý1, 
ý2, (b, e) steady layer reduced gravities, (x) ý2', and (c, f) steady exit flow 2 
rates, (x) ý,,, t, plotted as a function of Source 2 elevation, 02, for (a to c) I Small exit 
vent and (d to f) 1 Large exit vent. 
The flows driven by equal sources in Box 2 at all six exit opening areas, and 
all six source elevations, are visualised in figures B. 5a to f, starting on p. 290. A 
comparison with the equivalent flows in Box 1 at the two smallest opening areas, 
visualised in subfigures (xix) to (xxiv) of figures B. 2a and B. 3a, starting on p. 285, 
reveals similar flow features. A full set of interface height data for Box 2 is plotted 
in figures C. 3a (ii, v), C. 3b (ii, iv), and C. 3c, starting on p. 336, showing similar 
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Figure 6.21: Box 2 with 2 equal sources (V) = 1). (a, d) Steady interface heights, (x) 6, 
ý2, (b, e) steady layer reduced gravities, (x) §2, and (c, f) steady exit flow 
rates, (x) plotted as a function of Source 2 elevation, 02, for (a to c) 3 Large exit 
vents and (d to f) 8 Large exit vents. 
trends to those described above. This is consistent with the data for Box 1, plotted 
in figure C. 2a (iv, viii) on p. 334. 
The reduced gravities of the middle and top layers followed the same trends at all 
exit vent areas. In all cases, the middle layer decreased and the top layer increased 
in reduced gravity as the source elevation increased, figures 6.20b and d, and figures 
6.21b and d. The main difference was that density difference between the layers 
1.0 
0.8 
0.6 
0.4 
0.2 
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decreased as the exit vent area increased. This is consistent with the full set of layer 
reduced gravity data for Box 2, plotted in figures C. 5a (ii, v), C. 5b (ii, iv), and C. 5c, 
starting on p. 341, and agrees with the data for Box 1, plotted in figure C. 4a (iv, viii) 
on p. 339. 
Similarly, the exit flow rates followed the same trends at all vent areas. The flow 
rates decreased as the source elevation increased, with higher flow rates estimated 
as the exit vent area increased, figures 6.20c and e, and figures 6.21c and e. The 
full set of data for Box 2 is plotted in figures C. 7a (ii, v), C. 7b (ii, iv), and C. 7c, 
starting on p. 346, and for Box I in figure C. 6a (iv, vtii) on p. 344. 
The changes that occurred in the flows as a result of increasing the opening area 
of the exit vents, as described above, were similar at all source strength ratios. This 
is observed in Box I by comparing the visualisations in figures B. 2a and b (starting 
on p. 285) with those in figures B. 3a and b. In Box 2, the flows at different opening 
areas with source strength ratios of V) =1 and V) =3 are visualised in figures B. 7a 3 
to B. 8c, and are comparable to the flows in Box I driven by sources with strength 
ratios of V) 1, as shown in figures B. 2a (i to vi) and B. 3a (i to vi), starting on 4 
p. 285, and = 4, as shown in figures B. 2b (xix to xxiv) and B. 3b (xix to xxiv), 
starting on p. 286. 
The changes in trends were similar at all source strength ratios, as observed by 
comparing all the data plots in figures C. 2a to C. 7c, starting on p. 334. Similar 
changes were also observed when studying the effect of source strength ratio at two 
opening areas, as seen in figures C. 8a to C. 10b, starting on p. 349. 
Key results as 02 increases at various A*IHI: 
" Interface heights greater at higher exit vent areas 
" Limiting height of Interface 2 determined by radius of Plume 2 at Interface 2 
" Layer density differences smaller at higher exit vent areas, 
" Exit flow rates greater at higher exit vent areas 
" Trends similar to those observed with I Small exit vent 
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6.11 Blocking the impinging plume 
In the majority of experiments involving two sources, the flows that were driven 
consisted of three layers, and the plume driven by the source on the floor was 
observed to impinge on the upper interface. The plume drove mixing and wave-like 
motions. which reduced the sharpness of the interface, and entrained fluid from the 
top layer into the middle layer. Baines (1975) and Kumagai (1984) showed that this 
entrainment can affect the position of the interface as well as the density of fluid in 
the layers above and below. As a result of this previous research, experiments were 
carried out to determine the impact of the impinging plumes in the research herein. 
The experiments involving two equal sources in Box 2 were repeated for all six 
source elevations and six exit vent areas, incorporating a 'Plume Plate', placed at 
an appropriate location with the box to prevent the plume, driven by tile source oil 
tile floor, from reaching tile upper interface, as described in section 4.9 (p. 109). The 
visualisations and interface heights were compared with experiments not including 
a Plume Plate. to understand and quantify the effect of tile impinging plume. This 
was also carried out for source strength ratios of V) =i and V) = 3, with exit vent 3 
areas created by opening 1 Small, 1 Large and 2 Large vents. 
Figure 6.22a shows a visualisation of the flows without a Plume Plate by two 
equal sources, with a source elevation Of 02 =1 and 1 Small exit vent, as shown 6 
2 sources Exit Vents 
I IS IL 2L U 4L 8L 
6 
2 
02 
6 
0 
Table 6.17: Map of experiments in Box 2 with 2 equal sources (ý,, = 1). (M) Source 2 
elevation Of 02 ý1 for I Small exit vent (figures 6.22a and c) and 1 Large exit vent 6 
(figures 6.22b and d). 
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Figure 6.22: Box 2 with 2 equal sources (V) = 1) and a Source 2 elevation Of 02 = g' Flows 6' 
(a. b) without a Plume Plate and (c, d) with a Plume Plate. (a, c) I Small exit vent and 
(b, d) 1 Large exit vent. 
by the left-hand black square (M) in table 6.17. The plume driven by the source oil 
the floor clearly impinged on the upper interface, resulting in interface heights of 
ýj = 0.34 and 6=0.75. The flows at the same source and ventilation conditions are 
shown in figure 6.22c, this time with the inclusion of a Plume Plate. The previously 
impinging plume was prevented from reaching the tipper interface, resulting in a 
much sharper interface, positioned at a reduced height of ý2 = 0.64. The height of 
the lower interface was unchanged at ýj = 0.34. 
The reason for the lowering of the upper interface was that, without a Plume 
Plate, the impinging plume entrained fluid from the top layer into the middle layer, 
resulting in a volume flux in a downward direction across the interface. The removal 
of fluid from the top layer resulted in a thinner layer and a raised upper interface, 
which was prevented by the inclusion of a Plume Plate. 
Similar trends were observed with the same source configuration and I Large exit 
vent, figures 6.22b and d, as shown by the right-hand black square (0) in table 6.17. 
The reduction in the height of the tipper interface, as a result of blocking the plume 
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Figure 6.23: Box 2 with 2 sources. Steady interface heights without a Plume Plate, (x) ý1, 
(+) ý2, and with a Plume Plate, (EI) ý1, (0) ý2, plotted as a function of Source 2 elevation, 
02. Source strength ratios of (a, d) 0=1, (b, e) V) =1 and (c, f) 0=3. (a to c) 1 Small 3 
exit vent and (d to f) I Large exit vent. 
driven by the source on the floor, was smaller but still significant, and its sharpness 
increased considerablY. 
However, the experiments shown in figure 6.22 were exceptional in terms of the 
magnitude of the impact of the Plume Plate on the flows. Figures 6.23a to c show 
that, at source elevations in the range 02 -: ý 1, the impact of the Plume Plate on 2 
interface heights was negligible. This was also the case for all source elevations at 
Analysis of two sources 
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Figure 6.24: Box 2 with 2 equal sources (V) = 1) a Source 2 elevation Of 02 = .1 and I Small 6 
exit vent. Density profiles measured using the light-attenuation technique (a) without a 
Plume Plate and (b) with a Plume Plate. Positions of interfaces shown by red lines 
Interface 1) and green lines ( Interface 2), as extrapolated using the light-attenuation 
technique. 
exit vent areas of a,,, t = 19.63 cm 2 and above, as seen in figures 6.23d to f and 
figures C. 14 a to C. 14 c, starting on p. 364. At exit vent areas of a,,, t = 39.27 cm 2 and 
above, the height of the lower interface was reduced in some experiments involving 
the Plume Plate. This was because the close proximity of the plate to the lower 
interface in these experiments resulted in the fluid from the plume, which impinged 
on the plate, overturning and impacting on the interface, driving it down to a lower 
elevation. 
The impact, on the height of the upper interface, of the blocking the impinging 
plume was greatest in the source elevation range 0 <- 02 :! ý 1, with I Small exit 3 
vent. At higher source elevations, the depth of the top layer was close to the radius 
of the plume driven by the elevated source, at the upper interface. This meant 
that the depth of the layer was controlled by the plume geometry, irrespective of 
the amount of mixing and entrainment driven by the impinging plume. Therefore, 
in the majority of experiments, the impinging of one of the plumes on the upper 
interface did not significantly affect the heights of the interfaces. This is confirmed 
by comparing the visualisations of experiments including a Plume Plate, in figures 
B. 6a to f, B. 9a to c and B-10a to c, starting on p. 296, with visualisations of the 
corresponding experiments without a Plume Plate, in figures B. 5a to f, B. 7a to c 
and B. 8a to c, starting on p. 290. 
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Blocking the impinging plume did, however, result in much shallower density 
gradients between interfaces, indicating more uniform layers, figure 6.24. The pro- 
files with a Plume Plate were also characterised by much sharper changes between 
regions with steep gradients (within the parallax bands above interfaces) and slial- 
low gradients (between parallax bands), indicating less smearing of interfaces. The 
reasons for this are as follows. At the upper interface, smearing was reduced by 
removing the mixing driven by the impinging plume, also resulting in fewer distur- 
bances on the interface. At the lower interface, the fluid from the plume impinging 
on the Plume Plate was deposited in the middle layer just above the interface, the- 
refore, the middle layer was well mixed in this region. In the absence of the Plume 
Plate, most of the mixing occurred at the top of the layer, close to where the plume 
impinged on the upper interface. Consequently, the top of the middle layer was 
mixed with fluid from the top layer, which took time to mix fully with the bottom 
of the layer, only after which the steady state was reached. The time to reach steady 
state was, therefore, shorter with a Plume Plate. This occurred in all experiments, 
as seen from the time and density profiles in appendix B. However, this did not 
affect the mean densities of the layers. 
Key results of blocking the impinging plume: 
" No change in flow regime 
" Plume 1 impinges on Plume Plate and not on Interface 2 
" No change in Interface 1 sharpness 
" Interface 2 reduces in height and increases in sharpness, at sufficiently small 
o2 and exit vent areas 
" Changes in flow properties the same as for two equal sources 
" Lower Interface 2 height 
" Limiting height of Interface 2 determined by radius of Plume 2 at Interface 2 
" No change in layer densities 
" No change in exit flow rate 
" More uniform layers 
" Flows and trends very similar to two equal sources 
40 No effect on the results in most experiments 
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6.12 Summary of results for two sources 
The study of the flows discussed in this chapter has revealed that, in the majority of 
cases, Flow Regime 1 is driven by two sources. The exceptions occur at sufficiently 
high source strength ratios and low elevations of Source 2, at which Flow Regime 2 
or Flow Regime 3 is driven. Plume I always impinges on Interface 2, except when 
intentionally blocked by a Plume Plate, but causes a raising of the interface only at 
sufficiently small Source 2 elevations and effective opening areas. 
Interface 1 increases in sharpness when the source strength ratio is increased or 
when the floor area is increased, and its sharpness is reduced when the exit vent, 
area is increased. Increasing the elevation of Source 2 does not affect the sharpness 
of Interface 1. The sharpness of Interface 2 reduces as the source strength ratio 
approaches the critical ratio or when the exit vent area is increased, and increases 
when the source elevation or floor area is increased. Three-layer flows are established 
only at sufficiently small or large source strength ratios and, at ratios close to the 
critical ratio. Interface 2 is visible only at higher floor areas. Wave4ike motions arid 
mixing at both interfaces increase as the effective opening area increases. 
At a fixed opening area, the minimum height of Interface I occurs when both 
sources are located on the floor and the maximum occurs when Source 2 is at the level 
of Interface 1. It is insensitive to the source strength ratio. The minimum height 
of Interface 2 also occurs with both sources on the floor, but increases continuously 
as the elevation of Source 2 increases. It also increases as the source strength ratio 
approaches the critical ratio. Therefore, the interfaces diverge when the source 
elevation is increased and when the strength ratio approaches the critical ratio. The 
interface reaches a limiting height at which the depth of the Layer 2 is approximately 
equal to the radius of Plume 2 at Interface 2. The heights of both interfaces are 
independent of the absolute strengths of the sources but are sensitively dependent 
on the effective opening area, characterised bv an increase and convergence as the 
opening area increases. 
At a fixed opening area, the maximum dimensionless reduced gravity of Layer I 
occurs when both sources are on the floor and the minimum occurs when Source 2 
is level with interface 1. The minimum dimensionless reduced gravity of Layer 2 
occurs with both sources oil the floor and increases with a steepening gradient as 
the elevation of Source 2 increases. Layer densities diverge when the source elevation 
is increased and converge when the strength ratio approaches the critical ratio, at 
which the dimensionless reduced gravity of Layer 1 reaches a peak and Layer 2 
ceases to be visible. The dimensionless reduced gravities of both layers decrease and 
converge as the effective opening area increases. 
At a fixed opening area, the dimensionless flow rate at the exit vents is a maxi- 
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mum when both sources are on the floor and reduces as the elevation of Source 2 
increases. It increases as the effective opening area increases and is independent of 
the source strength ratio. The strongest source dominates the exit flow rate. 
Interface height gradients, exit flow rate gradients and layer density differences 
reduce as the source strength ratio increases. 
Light-attenuation visualisations reveal vertical density profiles, which is not ea- 
sily achievable by taking density samples, however, this technique results in slightly 
lower density measurements for Layer 2. The light attenuation technique and sha- 
dowgraph technique, with density samples, are compatible and give similar results. 
6.13 Conclusions 
This chapter has presented the results from experiments involving two sources using 
visualisations and data plots. The discussion has proceeded systematically as recor- 
ded on a parameter map, focusing on the effect of changing one experimental para- 
meter at a time. At the end of each section, tables have summarised the changes in 
interface heights, layer reduced gravities and flow rates at the exit vent(s). Additio- 
nally, the key points have been summarised in list form. 
Using Box 1, the analysis has focused on the effect of changing the elevation of 
one of the sources, for various source strength ratios, and changing the strength ratio, 
for various source elevations. The effect of increasing the floor area has been studied 
by comparing the results from Box 1 with those from Box 2. The results obtained 
using the shadowgraph technique have been compared with those using the light- 
attenuation technique and the two techniques have been found to be compatible. 
Using Box 2, the analysis has focused oil the effect of changing the opening area 
of the exit vents, for various source, elevations. The effect of Plume. I impinging 
on Interface 2 has been studied and found to be insignific alit in the majority of 
experiments. Finally, the results from all experiments involving two sources have 
been summarised. 
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Analysis of four sources 
7.1 Introduction 
This chapter examines the flows driven by four equal, localised sources in Box 2. 
Sections 7.2 to 7.4 focus on the flows driven by sources at two elevations, distributed 
either evenly or unevenly between the two elevations. Sections 7.5 to 7.7 focus oil 
the flows driven by sources at multiple elevations, with the sources spaced at regular 
vertical intervals. 
For four sources on two levels, the number of sources oil the floor, n, and tile 
number of elevated sources, in, is expressed by the distribution ratio 
ý' 
= 71: 711. Tile 
elevation of the m raised sources is expressed as 04, the elevation of tile right-hand 
most source, which was Source 4 in experiments. In the case of sources at multiple 
elevations, a distribution ratio cannot be expressed because all the sources are at 
different elevations. Instead, tile notation ý., =M is used to indicate the distribution 
in this case, with 04 indicating the elevation of the highest source. Sources 2 and 3 
are, therefore, located at elevations Of 02 = 104 and 03 204, respectively. 33 
The above labelling convention, used in this chapter for four sources, is consistent 
with appendices B and C. However, it differs from convention used by the theoretical 
model developed in chapter 8, which assumes that sources are always located oil 
two levels and introduces a simplified system of expressing source elevations. This 
is explained in section 8.3 (p. 255) and does not affect the discussion below. 
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7.2 Even distribution, various elevations 
The starting point for considering the flows driven by four equal sources, at every 
distribution. is the case where all the sources were oil the floor, as indicated by the 
black square (M) and solid circles (e) in table 7.1. The flows with all the sources 
on the floor were very similar to the flows driven by two equal sources, as described 
in section 6.2 (p. 139), and consisted of a single buoyant layer supplied by plumes 
from all the sources, separated from the layer at ambient density by a horizontal 
interface. as shown in figure 7.1a. The main difference was that, in the case of four 
sources, the height of the interface was ýl = 0.19, which was lower than ýl = 0.29 
recorded in the case of two sources. This was in agreement with the predictions 
of Linden et al. (1990) for multiple sources, and call be explained by considering 
volume conservation for the buoyant region. 
4 sources 
EV IS 1: 3 2: 2 3: 1 M- 
6 
3 
04 2 
3 
1 
6 
Table 7.1: Map of experiments in Box 2 with 4 sources and 1 Small exit vent. (0) Evenly 
distributed sources, ý=2: 2, on the floor (04 = 0), as shown in figure 7.1a. (ý) Source 4 
elevations increasing in the range 0< 02 !52, as shown in figures 7.1b and c. 3 
'With two equal sources on the floor, the interface settled to a position in which 
the volume flow rate driven by the buoyant laver identically matched the volume flow 
rate supplied by the two plumes at the level of the interface. Increasing the number 
of sources to four resulted in an increased volume flux at the interface, whereas the 
density of the plunies at the interface remained unchanged. The volume flux driven 
by the buoyant region itself out of the vents, therefore, matched the supply with a 
thicker laver, i. e. the interface moved downwards. 
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Figure 7.1: Box 2 with 1 Small exit vent. (a to c) 4 equal sources with a distribution 2 
ratio of 2: 2 and Source 4 elevations of (a) 04 = 0, (b) (P4 and 
(C) 04 - 3' 
(d to f) 2 equal sources 1) with Source 2 elevations of (d) 02 0, 
(e) 02 1 and 3 
2 (f) 02 
3' 
The absolute reduced gravity of the buoyant layer was greater in the case of four 
sources than in the case of two sources, figure 7.3a, as a result of the lower interface 
height. The dimensionless flow rate at the exit vents was also greater, figure 7.3b, 
because it was driven týy a greater number of sources of the same strength. However. 
the dimensionless reduced gravity of the buoyant layer. as well as the dimensionless 
flow rate at the exit vents, were almost equal at the two source configurations, 
figures 7.2e and f, showing that the absolute reduced gravities and exit flow rates 
were proportional to the number of equal sources. 
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Figure 7.2: Box 2 with 1 Small exit vent, (a to c) 4 equal sources with a distribution 
ratio of ý) = 2: 2 and (d to f) identical plots also showing 2 equal sources (V) 1). 
(a, d) Steady interface heights, (X) 61 W b, driven by 4 sources and (EI) ý1, ý21 
driven by 2 sources. (b, e) Steady layer reduced gravities, (x) ýI, (+) ý2', driven by 
4 sources and (EI) ýI, (0) ý2', driven by 2 sources. (c, f) Steady exit flow rates, (X) Q. t' 
driven by 4 sources and (0) driven by 2 sources. Data plotted as a function of 
Source 4 elevation, 04, in the case of 4 sources and Source 2 elevation, 02, in the case of 
2 sources. 
Increasing the elevation of two sources, with the other two on the floor. resulted 
in a source distribution ratio of ý=2: 2, and drove flows that resembled those driven 
by two equal sources at various elevations. At a source elevation Of 04 = 1, three 3 
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Figure 7.3: Box 2 with 1 Small exit vent, 4 equal sources with a distribution ratio of 
0=2: 2 and 2 equal sources (0 = 1). (a) Absolute steady layer reduced gravities, (x) gj, 
g, driven by 4 sources and (EI) g', (0) g', driven by 2 sources. (b) Absolute steady 212 
exit flow rates, (x) Q,,, t, driven by 4 sources and (EI) Q,, t, driven by 2 sources. Data 
plotted as a function of Source 4 elevation, 04, in the case of 4 sources and Source 2 
elevation, 02, in the case of 2 sources. 
layers were driven, with a sharp lower interface and a less sharp upper interface, 
figure 7.1b. The two sources on the floor drove plumes that impinged on the upper 
interface, in a similar fashion to the single plume on the floor in the case of two 
sources at an elevation Of 02 " 1, figure 7.1e. This drove wave-like motions on the 3 
interface and local mixing in the vicinity of the impingement. The height of the 
lower interface increased to ýj ý 0.26, but remained lower than in the case of two 
sources, explained by considering volume conservation. The height of the upper 
interface was ý2 = 0.57, which was also lower than in the case of two sources. 
At a source elevation of 04 = 23, the flows driven by four sources resembled the 
flows driven by two sources with an elevation of 02 figures 7.1c and f. The 3 
height of the lower interface was smallest in the case of four sources, however, the 
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heights of the upper interface were very similar with both two and four sources. 
This was because the elevated sources were sufficiently close to the ceiling to drive 
a top layer whose depth was limited by the radii of the plumes at the level of the 
upper interface. This meant that the height of the upper interface was dependent 
only on the plume geometries and source elevations, and not on the number of 
plumes. This provided strong support for the hypothesis that the depth of the top 
layer was, indeed, limited by the radii of the plumes at the upper interface. As 
the source elevation increased, so did the sharpness of the upper interface, whereas 
the sharpness of the lower interface remained unchanged. The sharpness of both 
interfaces was greater in the case of four sources due to the greater density differences 
between the layers, figure 7.3a. These trends were supported by the visualisations 
of flows at all six source elevations and two opening areas, as shown in figures B. 12a 
and b, starting on p-316. 
Figure 7.2d shows that, as the source elevation increased, the trends observed 
in the heights of both interfaces, in the case of four sources, were very similar 
to the trends observed in the case of two sources. At all source elevations, the 
interfaces driven by four sources were lower. The lower interface reached a maximum 
height when the elevated sources were at the level of the lower interface, and the 
upper interface increased in height continuously as the source elevation increased, 
figure 7.2a. 
2: 2 04 value or range 
Flow property 0 04 < ýl < 04 < 3 
min max \1 
ý2 (Mill) max 
if 1 max mill 
it 2 (Mill) max 
(Lt max min 
Table 7.2: Key results for interface heights, ýj, layer reduced gravities, ýi, and exit flow 
rates, (ý. t, in Box 2 with 4 equal sources, evenly distributed, ý V=2: 2, and 1 Small exit 
vent, for Source 4 elevations in the range 0> 04 > 23' 
198 
Chapter 7 Analysis of four sources 
At every source elevation, the dimensionless reduced gravities of the middle and 
top lavers, and the flow rates at the exit vent, driven by four sources, were almost 
identical to those driven by two sources, figures 7.2e and f. Tile reduced gravity of 
the middle layer reached a minimum when the elevated sources were at the level of 
the lower interface, and the reduced gravity of the top layer increased continuously, 
figure 7.2b. The flow rates at the exit vent were highest when both sources were 
on the floor and decreased as tile source elevation increased, 7.2f. The trends were 
similar at each of the two opening areas that were studied, with higher interfaces 
driven at larger opening areas, as shown in subfigures ('/. 'Z) and (v) of figures C. 19 to 
C. 26, starting on p. 379. 
Key results for 2: 2 as 6* ,4 increases: 
e Transition from Flow Regime 2 to Flow Regime 1 
40 Plumes 1 and 2 impinge on Interface 2 
" No change in Interface 1 sharpness 
" Interface 2 increases in sharpness 
" Changes in flow properties shown in table 7.2 
" Interface heights overestimated by two equal sources 
" Limiting height of Interface 2 determined by radius of Plume 4 at Interface 2 
" Dimensionless layer reduced gravities and exit flow rates well predicted by two 
equal sources 
" Absolute layer reduced gravities and exit flow rates greater than with two 
equal sources 
7.3 Unequal elevations, various distributions 
The distribution ratio of the four sources was altered by changing the number of 
sources on the floor of the box. With four sources, the distribution ratios that 
were achieved were = 1: 3 with one source on the floor, ý == 2: 2 with two sources 
on the floor, and 
ý 3: 1 with three sources on the floor. The effect of changing 
the distribution ratio was studied at a Source 4 elevation Of 04 1, which drove 3 
three-laver flows. 
In the case of an even source distribution. 2: 2, the interface heights were 
ýi = 0.26 and ý2 = 0.57, as described in section 7.2, shown in figure 7.4b and in- 
dicated by the black square (M) in table 7.3. Decreasing the source distribution 
ratio to V=1: 3, as shown by the arrow pointing left resulted in an increase 
in the height of the lower interface and a decrease in the height of the upper inter- 
face, figure 7.4a. This is explained by considering volume flux conservation for the 
buoyant region. 
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4 sources 
EV 1S 1: 3 2: 2 3: 1 
6 
3 
04 2 
6 
0 
Table 7.3: Map of experiments in Box 2 with 4 equal sources and 1 Small exit vent. 
(E) Evenly distributed sources, 2: 2, with a Source 4 elevation Of 04 ý 1, as shown 3 
in figure 7.4b. (<--) Source distribution ratio decreasing in the range 1: 3 < VY 5 2: 2. as 
shown in figure 7.4a and (=>) source strength ratio increasing in the range 2: 2 <0<3: 1, 
as shown in figure 7.4c. 
Decreasing the distribution ratio was achieved by elevating one of tile sources 
from the floor, which decreased the volume flux at the lower interface. At steady 
state the decreased volume flux was matched by the volume flow rate through the 
exit vent., driven by the buoyant region itself. This was achieved with a shallower 
buoyant region, i. e. an increase in the height of the lower interface. The increase in 
the volume flux at the upper interface, however, meant that a deeper top layer drove 
an identical flux through the exit vent, i. e. the upper interface reduced in height. 
The sharpness of the lower interface did not change but the sharpness of the 
upper interface increased because of the increase in the density difference between 
the middle and top layers. The mixing caused by the plume, driven by the source 
on the floor, impinging on the upper interface, was more intense in the vicinity of 
the plume but had a smaller net impact on the sharpness of the interface. This was 
because the mixing was driven by one plume instead of two and affected a smaller 
area of the upper interface. 
Increasing the source distribution ratio to 3: 1, as shown by the arrow poin- 
ting right (=ý. ) in table 7.3, resulted in a decrease in the height of the lower interface 
and an increase in tile height of the upper interface, figure 7.4c. Tile sharpness of 
both interfaces remained relatively unchanged. The plumes driven by the sources 
on the floor gently impinged on the upper interface but did not cause. much mixing. 
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Figure 7.4: Box 2 with a Source 4 elevation Of 04 ý-- 1 and I Small exit vent. Source 3 
distribution ratios of (a) 1: 3, (b) 2: 2 and (c) V) = 3: 1. 
This was a result of the increased distance between the interfaces, which meant that 
the momentum of the fluid was greatly reduced, and most of the fluid within the 
plumes was dispersed within the middle layer, before reaching the upper interface. 
Despite the small number of data points, figure 7.5a clearly shows that, as the 
source distribution ratio was increased in the range 1: 3 <ý<3: 1, the height of 
the lower interface decreased and the height of the tipper interface increased. These 
trends are similar to the trends observed in the case of two sources. as the source 
strength ratio was increased in the range 51 -. 5 ýb :ý3, as shown in figure 7.5d. 3- 
The trends were exaggerated in the case of four sources, with steeper gradients of 
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Figure 7.5: Box 2 with 1 Small exit vent, (a to c) 4 equal sources with a Source 4 elevation 
of 04 =1 and (d to f) identical plots also showing 2 sources with a Source 2 elevation of 
02 = '31 -3 (a, d) Steady interface heights, (x) C1, (+) C2, driven by 4 sources and 
(EI) C1, 
(E)) C2, driven by 2 sources. (b, e) Steady layer reduced gravities, (x) §', (+) §', driven by 12- 
4 sources and (EI) driven by 2 sources. (c, f) Steady exit flow rates, (x) Q,. t, 
driven by 4 sources and (EI) Q,, t, driven by 2 sources. Data plotted as a function of source 
distribution ratio, ý, in the case of 4 sources and source strength ratio, -0, in the case of 
2 sources. 
decrease and increase. The height of the lower interface was the same in the two 
cases, at ratios of 1: 3 and V) = 1. Below these ratios, it is likely that the trends 3 
continued at a reducing gradient, with the interfaces reaching limiting heights at 
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which a very thin middle layer driven and the flows were dominated by the elevated 
sources. The height of the upper interface was the same at ratios of 3: 1 and 
,0=3 which, judging by figure 7.4c, is likely to have been the limiting height of the 
interface. The trends were similar at all source elevations and at both of the exit 
opening areas that were studied, as shown in figures C. 27a and b, and C. 30a and b, 
on pp. 387 and 393. 
The reduced gravity of the middle layer increased as the source distribution ratio 
increased, which was accompanied by a decrease in the reduced gravity of the top 
layer, figure 7.5b. At each distribution ratio, the dimensionless reduced gravities 
of the layers were very close to those recorded at equivalent source strength ratios, 
in the case of two sources, figure 7.5e. This shows that, in the case of multiple 
sources, the reduced gravities of the layers can be estimated using the case of two 
unequal sources. This conclusion is supported at every source elevation, as shown 
in figures C. 28a and b, and C. 31a and b, on pp. 389 and 395. 
The flow rate at the exit vents increased very slightly as the source elevation 
increased, figure 7.5c. The dimensionless flow rates were very close to those measured 
with two sources, figure 7.5f, which shows that, similarly to layer reduced gravities, 
the exit flow rates driven by multiple sources can be estimated using the case of two 
unequal sources. This is supported at every source elevation, as shown in figures 
C. 29a and b, and C. 32a and b, on pp. 391 and 397. 
041-- 
3 V) value or range 
Flow property 1: 3 < V) < 2: 2 << 3: 1 
min max 
min max 
§12 min 
Q. t 
Table 7.4: Key results in Box 2 with 4 sources at a Source 4 elevation of 04 and 
1 Small exit vent, for source distribution ratios in the range 1: 3 >ý-! 3: 1. 
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Key results for 04 1 as ý increases: 3 
" Flow Regime I 
" Plumes on floor impinge on Interface 2 
" Interface 1 increases in sharpness 
" Interface 2 reduces in sharpness 
" Changes in flow properties shown in table 7.4 
" Interfaces diverge at steeper gradients than with two sources 
" Limiting height of Interface 2 determined by radius of Plume 4 at Interface 2 
" Dimensionless layer reduced gravities and exit flow rates well predicted by two 
sources 
" Interface heights overestimated by two sources 
7.4 Uneven distribution, various elevations 
This section studies the flows that were driven when, starting with four equal sources 
on the floor, either three of the sources were raised, giving a source distribution ratio 
of 1: 3, or one of the sources was raised, giving a ratio of 7p= 3: 1. 
The flows that were driven by four sources on the floor, indicated by the black 
squares (0) in table 7.5, consisted of two layers sepaxated by an interface at a height 
4 sources 
EV 1S 1: 3 2: 2 3: 1 m 
5 
6 
2 
04 2 
I 
I 
0 
Table 7.5: Map of experiments in Box 2 with 4 equal sources and 1 Small exit vent. 
(E) Unevenly distributed sources, ý=1: 3 and ý=3: 1, on the floor (04 = 0), as shown 
in figure 7.1a. (ý) Source 4 elevations increasing in the range 0< 04 <2 (see figures 7.4a 3 
and c). 
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of ýj = 0.19, as described in section 7.2. As in the case of an even source distribution, 
increasing the elevation of any of the sources resulted in the formation of a third 
layer below the ceiling, separated from the middle layer by a second interface. As 
the source elevation increased, the sharpness of the upper interface increased, while 
the shaxpness of the lower interface did not change. Visualisations of the flows at 
source distribution ratios of ý=1: 3 and ý=3: 1, for two opening areas, are shown 
in figures B. 11a and b, and B. 13a and b, respectively, starting on p. 314. 
At a source elevation Of 04 =1 and a distribution ratio of 1: 3, the height 3 
of the interfaces was C, = 0.40 and C2 = 0.60, figure 7.4a. At a distribution ratio 
of 3: 1, the interfaces were much further apart, with heights of ýj = 0.23 and 
C2 0.86, figure 7.4c. 
Increasing the source elevation at a distribution ratio of 1: 3 resulted in an 
increase in the heights of both interfaces at a steeper gradient than at a ratio of 
2: 2, figure 7.6a. As in the case of two sources, the height of the lower interface 
decreased at source elevations above the height of the interface, while the height 
of the upper interface continued to increase. When compared with the results of 
experiments involving two sources with a strength ratio of 1P = 1, good agreement 3 
was observed in the heights of the lower interface, but the upper interface was 
substantially lower in the case of four sources, figure 7.6d, explained by considering 
volume flux conservation. 
At a source distribution ratio of 3: 1, increasing the source elevation resulted 
in a much shallower gradient of increase in the heights of both interfaces, than was 
observed at ý=2: 2, figure 7.6c. The height of the lower interface was observed to 
decrease slightly in the range 04 > C1, and the height of the upper interface increased 
continuously. Good agreement was observed in the heights of the upper interface, 
when compared with the results of experiments involving two sources with a strength 
ratio of 0=3. However, the lower interface was far below the levels measured in 
the case of two sources, figure 7.6d, again explained by considering the conservation 
of volume flux. 
Similar trends in layer reduced gravities were observed at all source distribution 
ratios. The reduced gravity of the top layer increased as the source elevation increa- 
sed, and the reduced gravity of the middle layer decreased in the range 0 -< 
04 :5 C1, 
above which it increased. As the number of elevated sources increased, the gradients 
became steeper, figure 7.7a, and as the number of sources on the floor increased, the 
gradients became shallower, figure 7.7c. However, very good agreement was obser- 
ved between the dimensionless reduced gravities at fixed source distribution ratios, 
in the case of four sources, and the equivalent source strength ratios, in the case of 
two sources, figures 7.7d to f. Excellent agreement was also observed in the exit 
flow rates, shown in figure C. 24 on p. 384. In all cases, the flow rates decreased as the 
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Figure 7.6: Box 2 with 1 Small exit vent, (a to c) 4 equal sources and (d to f) identical 
plots also showing 2 sources. (a to f) Steady interface heights, (x) C1, (+) C2, driven by 
4 sources, plotted as a function of Source 4 elevation, 04, for source distribution ratios 
of (a, d) ý=1: 3, (b, e) ý=2: 2 and (c, f) ý=3: 1. (d to f) Steady interface heights, 
(EI) ý1, ((D) ý2, driven by 2 sources, plotted as a function of Source 2 elevation, 02, for 
source strength ratios of (d) 0=1, (c) 1 and 3. 3 
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I plots also showing 2 sources. (a to f) Steady layer reduced gravities, (X) 21 1M §2 
driven by 4 sources, plotted as a function of Source 4 elevation, 04, for source distribution 
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source elevation increased. These results show that, in the case of multiple sources 
at uneven distributions, the reduced gravities of the layers and the exit flow rates 
can be estimated using the case of two unequal sources. The trends were similar at 
each of the two opening areas that were studied, as shown in subfigures (i), (iii), 
(iv) and (vi) of figures C. 19 to C. 26, starting on p. 379. 
ý= (1: 3,3: 1) 04 value or range 
Flow property 0 < 04 < CI < 04 < 
23 
CI 
I 
min max 
C2 (min) max 
Y, max N., min 
ý'2 (min) max 
ýOut' max min 
Table 7.6: Key results in Box 2 with 4 sources at distribution ratios of (1: 3,3: 1) and 
1 Small exit vent, for Source 4 elevations in the range 0 ý! 04 ý! 32 ' 
Key results for ip = 1: 3 and V) = 3: 1 as 04 increases: 
" Transition from Flow Regime 2 to Flow Regime 1 
" Plumes on floor impinge on Interface 2 
" No change in Interface 1 sharpness 
" Interface 2 increases in sharpness 
" Changes in flow properties shown in table 7.6 
" Interface heights generally overestimated by two unequal sources 
" Limiting height of Interface 2 determined by radius of Plume 4 at Interface 2 
" Dimensionless layer reduced gravities and exit flow rates well predicted by two 
unequal sources 
" Flows dominated by largest number of sources on same level 
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7.5 Various multiple elevations 
The staxting point for considering the flows driven by four equal sources at multiple 
elevations is the same as for all other cases involving four equal sources, i. e. all 
sources located on the floor of the box with 1 Small exit vent. These are indicated 
by the black square (0) in table 7.7, and consisted of two layers separated by an 
interface at a height of C, = 0.19, as described in section 7.2 and shown in figure 7.8a. 
4 sources 
EV 1S 1: 3 2: 2 3: 1 M 
5 
2 
04 2 000 
6 
0 
Table 7.7: Map of experiments in Box 2 with 4 equal sources at multiple elevations (ý = M) 
and 1 Small exit vent. (E) Sources on the floor (04 0), as shown in figure 7.8a. 
Source 4 elevations increasing in the range 0 :5 04 :5 as shown in figures 7.8b and c. 6 
Increasing the elevation of Source 4 resulted in the formation of five layers, with 
each layer supplied by a single plume driven by one of the sources. Although not 
clearly visible on shadowgraph visualisations, interfaces were identified using light- 
attenuation visualisations and density profiles, and are plotted in figure 7.9a. At a 
source elevation of 02 =1 the heights of the interfaces were C1 = 0.33, C2 = 0.50, 3 
C3 = 0.67 and C4 = 0.88, with the plumes driving the lower layers impinging on 
the interfaces separating the layers from those above, figure 7.8b. The amount of 
mixing and the magnitude of the wave-like motions on the interfaces, driven as a 
result of the impingement, meant that the interfaces were not sharp, which was also 
contributed to by the small density differences between the layers. 
Further increasing the source elevation resulted in an increase in the heights of 
all the interfaces and, at an elevation of 02 = 2, the interfaces were clearly visible 3 
on shadowgraph visualisations, with heights of C, = 0.37, C2 = 0.66, ý3 = 0.88 and 
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Figure 7.8: Box 2 with 4 equal sources at multiple elevations (i/, = NI) and I Small exit 2, i 
vent. Source elevations of (a) 01 ý 
02 ý 0: 1 = 01 = 0- (h) 01 02 03 3 
2 
ýIud (C) 01 02 ý -2,03 04 = 99 3' 
ý4 = 0.95, figure 7.8c. Plumes were still observed to Impinge on iliterfaces, however, 
the interfaces were sharp and visible avross the entire Widdl of t1le box. 'I'llis was 
mainlv due to an increase in the density differences between the layers. The flows 
at all six source elevations are showu in figure B. 14a on p. 320. 
As the, elevation of Source 4 increased in the range 0< (ý,, < the heights of 
all four interfaces increased continuouslY. The gradient of incrcasc in the height of' 
the lowest interface reduced once the elevation of thc highest source exceeded the 
height of the interface. This is explained by considering volume flux conservation, 
as described in section 6.2 (1). 139). In the case of two equal sources, and four 
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Figure 7.9: Box 2 with 1 Small e3lit vent, (a to c) 4 equal sources at multiple elevations 
(ý = M) and (d to f) identical plots also showing 2 equal sources (0 = 1). (a, d) Steady 
interface heights, (x) C1, (+) ý2, driven by 4 sources and (0) ý1, (G)) C2, driven by 2 sources. 
(b, e) Steady layer reduced gravities, (x) §'j, (+) §2' driven by 4 sources and (EI) §'j, ((D) §21 
driven by 2 sources. (c, f) Steady exit flow rates, (x) Q,, t, driven by 4 sources and 
(0) 1ý. a, driven by 2 sources. Data plotted as a function of Source 4 elevation, ý54, in the 
case of 4 sources and Source 2 elevation, ý52, in the case of 2 sources. 
equal sources at two levels, the height of the lowest interface reduced as the source 
elevation was increased in the range 02 ý! ýj and 04 ý! C1, respectively. However, 
in the case of four equal sources at multiple elevations, no reduction in interface 
4 sources vs 2 sources 
m 
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height was observed, only a reduction in the gradient of increase. The reason for 
this was the location of the intermediate sources, which was neither at the elevation 
of the lowest source nor at the elevation of the highest source. This meant that, as 
the elevation of the highest source increased above the level of the lowest interface, 
the volume flux across the interface continued to decrease as a result of an increase 
in the heights of the intermediate sources. Therefore, the volume flux supplied to 
the buoyant region decreased continuously and was matched, at steady state, by an 
identical decrease in the flow rate through the exit vent. This was achieved with 
a shallower buoyant region, i. e. a higher elevation of the lowest interface. The 
difference in the trends between the case of two sources and four multi-level source 
is apparent from figure 7.9d. 
The height of the uppermost interface was greater than in the case of two equal 
sources. This was a result of the increase in the reduced gravity of the top layer due 
to the plume driven by the highest source passing through multiple layers of increa- 
sing reduced gravity, and not just one layer of relatively low reduced gravity. As 
the source elevation increased, the height of the uppermost interface also increased, 
reaching a limiting height that was a function of the elevation and geometry of the 
highest plume, as in the case of two sources. The heights of the intermediate inter- 
faces increased with no visible reduction in gradient, reflecting the uniform increase 
in the elevations of the intermediate sources. The layers driven by these sources did 
not reach limiting depths and volume flux conservation was satisfied by adjustments 
in the height of the lowest interface only. 
The reduced gravity of the bottom layer decreased as the height of the lowest 
interface increased, figure 7.9b. However, the sharp decrease recorded in the range 
1 :5 04 < 32 was not consistent with the small increase in interface height in this 3 
range, figure 7.9a. The most likely explanation for this is density measurement error, 
because the position of the interface was identifiable to a high degree of accuracy. 
The gradient of decrease in reduced gravity was small in the range 0 . 1, which 4 ýý 3 
was consistent with the height of the lowest interface. 
The reduced gravity of the top layer increased as the source elevation increased. 
The gradient of increase steepened as the elevated source approached the ceiling, 
which was similar to the case of two sources, figure 7.9e. However, the dimensionless 
reduced gravities of the layers were, generally, greater in the case of four sources as 
a result of the distribution of sources at multiple elevations. The dimensionless flow 
rate at the exit vent decreased as the source elevation increased, and this closely 
matched the measurements in the case of two sources. 
This analysis shows that the flows driven by two equal sources are not a good 
approximation of the flows driven by four equal sources at multiple elevations. 
Figure C. 37, on p. 411, shows that the flows are not well approximated by the case 
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of four sources at two elevations, either. Only the dimensionless flow rates at the 
exit vent are well predicted, indicating that this is independent of the source number 
and distribution, and is dependent only on the elevations of the highest and lowest 
sources. 
ý= NI 04 value or range 
Flow property 0 < 04 < 6 < 04 < 
6 n max 
C2 (min) max 
C3 (min) max 
C4 (min) max 
max min 
(min) max 
Qt max min 
Table 7.8: Key results in Box 2 with 4 equal sources at multiple elevations AI) and 
1 Small exit vent, for Source 4 elevations in the range 0 ýý' 04 ý! ý6, 
Key results for 0=M as 04 increases: 
" Five-layer flow 
" Plumes 1,2 and 3 impinge on Interfaces 2,3 and 4, respectively 
" No change in Interface 1 sharpness 
" Interfaces 2,3 and 4 increase in sharpness 
" Changes in flow properties shown in table 7.8 
" Interface heights and dimensionless layer reduced gravities not well predicted 
by two equal sources 
" Limiting height of Interface 4 determined by radius of Plume 4 at Interface 2 
" Dimensionless e3dt flow rates well predicted by two equal sources 
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7.6 Multiple elevations, various vent areas 
Starting with four sources on the floor of Box 2 and I Small exit vent, as indicated 
by the black square (0) in table 7.9, and increasing the size and number of exit 
vents, as shown by the arrows resulted in the flows shown in figure 7.10. 
4 sources Exit Vents 
O=m ls 1L 2L 3L 4L 8L 
6 
2 
3 
04 2 
3 
6 
0 
Table 7.9: Map of experiments in Box 2 with 4 equal sources. (N) Sources on the floor 
(04 = 0) with 1 Small exit vent, as shown in table 7.7 and figure 7.10a. (=: ý) Exit vent 
axeas increasing in the range 1 Small < EV :58 Large, as shown in figures 7.1 Ob to d. 
As described in section 7.2, four sources on the floor with 1 Small exit vent 
(a,,. t = 7.06 CM2 ) drove two layers separated by an interface at a height of ýj =0- 19, 
shown in figure 7.10a. Similarly to the flows driven by two equal sources on the floor, 
figure 7.10e, the interface was sharp and the density difference between the bottom 
and top layers was relatively large. However, as predicted by Linden et al. (1990), 
the interface driven by four sources was lower than the interface driven by two 
sources. 
Increasing the exit vent area resulted in an increase in the height of the interface. 
With 1 Large exit vent, a,,. t = 19.63 cm2, the interface height was ýj = 0.31 and 
the sharpness of the interface was reduced with respect to the flows with 1 Small 
e, )dt vent, figure 7.10b. The reduction in sharpness was comparable to that observed 
with two sources, figure 7.10f, and was caused by a decrease in the density difference 
between the two layers. 
The height of the interface was further increased, and the sharpness of the inter- 
face reduced, at an exit vent area of at = 58.90 CM2 , achieved with 3 Large vents, 
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Figure 7.10: Box 2 with (a to d) 4 equal sources on the floor ((/)., = 0) and (c to b) 2 v(pial 
sources (0 = 1) on the floor (02 = 0). (a, c) 1 Small exit vent, (b, f) I Large exit, vent, 
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Chapter 7 Analysis of four sources 
figure 7.10c. However, at this vent area the interface was sharper in the case of four 
sources than it was in the case of two sources, figure 7.10g. The reason for this was 
that the density difference between the two layers was greater in the case of four 
sources which, despite there being a larger number of plumes creating disturbances 
at the interface, created a greater restoring force and established a sharper interface. 
The difference in sharpness of the interface driven by four sources and two 
sources was most apparent with 8 Large exit vents, creating an exit opening area of 
a ... t= 157.08 cm'. The interface driven by four sources was easy to identify 
from 
shadowgraph visualisations, figure 7.10d, and was approximately uniform in height 
across the width of the box, unlike in the case of two sources, figure 7.10h. The- 
refore, at a fixed exit opening area, increasing the number of sources on the floor 
resulted in an increase in the sharpness of the interface as well as a decrease in the 
height of the interface. The flows at all six exit opening areas that were studied are 
shown in subfigure (i) of figures B. 14a to f, starting on p. 320. 
The height of the interface is plotted as a function of the effective opening area, 
2 A*1H , in figure 7.11a. As the exit vent area increased, the height of the 
interface 
increased and the gradient of increase reduced, for the same reasons as given in 
section 6.8 (p. 171). This trend was almost identical to the trend observed with two 
equal sources, with the difference being that, in the case of four sources, the interface 
heights were lower, figure 7-11d. 
The increase in interface height was accompanied by a decrease in the reduced 
gravity of the buoyant layer, figure 7.11b. The dimensionless reduced gravity at each 
opening area was very similar with both four sources and two sources, figure 7.11e. 
The dimensionless flow rate at the exit vents increased as the effective opening 
area increased, figure 7.11c, however, the gradient of increase was steeper in the case 
of four sources than it was in the case of two sources, figure 7.11f. With 1 Small 
exit vent (a,,, t = 7.06 cm2) the dimensionless exit flow rates were similar with both 
four and two sources, but as the opening area increased, the flow rates driven by 
four sources became increasingly greater than the flow rates driven by two sources. 
This indicates that the flows became more sensitive to the number of sources as the 
exit vent area was increased. 
Overall, the trends observed as the effective opening area was increased with all 
sources on the floor of the box, were similar in the case of four sources and two 
sources. 
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04 :"0 A* /J12 value or range 
Flow property 0.01 < A*IH2 < 0.08 < A*IH2 < 0.15 
min max 
max min 
min max 
Table 7.10: Key results in Box 2 with 4 equal sources on the floor (04 = 0), for effective 
opening axeas in the range 0.01 >- A*IH2 > 0.15. 
Key results for 04 =0 as A*III' increases: 
" Flow Regime 2 
" Interface reduces in sharpness 
" Changes in flow properties shown in table 7.10 
" Interface lower than with two equal sources 
" Dimensionless reduced gravities of Layer 1 and Layer 4 well predicted by two 
equal sources 
" Eidt flow rates underestimated by two equal sources 
" Trends well predicted by two equal sources, but not quantities 
7.7 Various multiple elevations and vent areas 
This section studies the flows at various opening areas when the four sources were 
at multiple elevations. The starting points for the discussion axe the flows when the 
highest source was at an elevation Of 04 
1 
and 04 "' 2, with 1 Small exit vent 33 
(a,, t = 7.06 cm2), as indicated by the black squares (0) in table 7.11. 
When the source elevation was 04 = 1, interfaces above the lowest interface were 3 
not generally visible on shadowgraph visualisations, although they could be identi- 
fied from density profiles and some light-attenuation visualisations. At an opening 
area of a ... t=7.06 cm2 the lowest interface was sharp and horizontal, figure 7.12a 
and e. Increasing the exit vent area to a,,, t = 19.63 cm 2, achieved with 1 Large 
vent and indicated by the lower arrows (=ý-) in table 7.11, resulted in an increase in 
the height of the lowest interface, figures 7.12b and f. The uppermost interface was 
visible in the vicinity of the plume driven by the highest source, however, interme- 
diate interfaces were not visible due to the small density differences between fluid 
at different heights, and the mbdng driven by the plumes. On the light-attenuation 
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4 sources Exit Vents 
m ls 1L 2L 3L 4L 8L 
5 
6 
2 
3 =o- =o- 
04 2 
1 
3 =: 
> => => 
6 
0 
Table 7.11: Map of experiments in Box 2 with 4 equal sources at multiple elevations 
M). (E) 1 Small exit vent with Source 4 elevations Of 04 as shown in 
figures 7.12a and 7.13a. (=: >) Exit vent axeas increasing in the range 1 Small :5 EV :5 
8 Large, as shown in figures 7.12b to d and 7.13b to d. 
visualisation, the plumes driven by the three lowest sources were clearly observed 
to impinge on the uppermost interface, figure 7.12f. 
When the exit opening area was increased to 3 Large exit vents (a,,. t = 58.90 cm 2), 
the lowest interface was less sharp and higher, though not at a uniform height 
across the width of the box. The entrainment of fluid into the plumes driven by 
the two highest sources actually increased the level of the interface in their vici- 
nity, figures 7.12c and g. The uppermost interface remained partially visible, and 
the mixing driven by the plumes resulted in a more uniform ambient layer than at 
smaller opening areas. 
With 8 Large exit vents (at = 157.08 CM2), the mixing driven by the plumes 
was more vigorous and drove significant wave-like motions on the lowest interface, 
figure 7.12d. The height of the interface was not uniform across the width of the 
box, and no other interfaces could be identified, figure 7.12h. 
Similar flow features were observed when the exit vent axea was increased for 
a source elevation of 04 = 2, as indicated by the upper arrows (=ý. ) in table 7.11. 3 
With 1 Small exit vent (a,,. t = 7.06 cm 2), multiple layers were visible on both sha- 
dowgraph and light-attenuation visualisations, figures 7.13a and e. With 1 Large 
exit vent (a,,. t = 19.63 CM2) the layers were not clear on the shadowgraph visua- 
lisation, figure 7.13b, but could be identified on the light-attenuation visualisation, 
figure 7.13f . The plumes driven by the two intermediate sources clearly impinged on 
the uppermost interface, increasing its elevation locally. At larger opening areas, the 
height of the lowest interface increased and the only other identifiable interface was 
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Figure 7.12: Box 2 with 4 equal sources at multiple elevations (ý = M) and a Source 4 
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the uppermost interface, in the vicinity of the plume driven by the highest source, 
figures 7.13g and h. The magnitude of wave-like motions on the lowest interface 
increased, and its height ceased to be uniform across the width of the box, figures 
7.13c and d. The complete set of visualisations of the flows at all source elevations 
and exit opening areas are shown in figures B. 14a to f, starting on p. 320. 
As the effective opening area increased, the trends observed in the heights of 
the lowest and uppermost interface were similar to those observed with two equal 
sources, figures 7.14a and d. As when all sources were located on the floor of the 
box, the lowest interface was lower in the case of four sources than in the case of two 
sources. At both source elevations, the uppermost interface was close to its limiting 
height and did not change in height as the opening area increased. The results 
for all source elevations are shown in subfigures (i) and (iv) of figures C. 34a to c, 
starting on p. 402, and are compared with the results for two sources in subfigures 
(i) and (iv) of figures C. 36a to c, starting on p. 408. 
The reduced gravities of the first buoyant layer and the top layer decreased as 
the effective opening area increased, figures 7.14b and e. As with all sources located 
on the floor. the dimensionless reduced gravities were similar to the measurements 
obtained from experiments with two equal sources at elevations Of 02 ý1 and 3 
02 respectively. This was the case at all source elevations, as seen in subfigures 3 
(ii) and (v) of figures C. 34a to c and C. 36a to c. 
The flow rate at the exit vents increased as the effective opening area increased. 
figures 7.14c and f, and the gradient of increase was greater than in the case of two 
equal sources, as described in section 7.6. This occurred at all source elevations, as 
seen in subfigures (iii) and (vi) of figures C. 34a to c and C. 36a to c. 
When plotted as a function of Source 4 elevation, 04, the variations between the 
results at the various exit opening areas were similar to the variations observed in the 
case of 2 equal sources, described in section 6.8 (p. 171) and shown in figures C. 33a 
to c, starting on p. 399, and C. 35a to c, starting on p. 405. 
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04 ý (I 1 
2) 
33 
A*/11' value or range 
Flow property 0.01 < A*IH2 < 0.08 < A*1H 2< 0.15 
ýi min max 
ý2 
max min 
max min 
Min max 
Table 7.12: Key results in Box 2 with 4 equal sources at multiple elevations (ý, = M) 
and Source 4 elevations Of 04 ý (I i 
? ), for effective opening areas in the range 33 
0.01 > A*1H 2>0.15. 
Key results for 04 ý1 and 04 ýý as A*1H' increases: 33 
" Five-layer flow reducing to three or two visible layers 
" Plumes 1,2 and 3 impinge on Interfaces 2,3 and 4, respectively 
" Increase in mixing between buoyant layers 
" Interface I reduces in sharpness and height uniformity 
" Interfaces 2 and 3 not established at higher vent areas 
" Interface 4 reduces in sharpness and becomes partially mixed 
" Changes in flow properties shown in table 7.10 
" Interfaces converge 
" Limiting height of Interface 4 determined by radius of Plume 4 at Interface 2 
" Laver densities converge 
" Exit flow rate increases 
7.8 Summary of results for four sources 
This chapter has shown that four equal sources on two levels drive Flow Regime 1. 
When all the sources are located on the floor, Flow Regime 2 is driven. Four sources 
at multiple elevations drive flows consisting of five or fewer layers, depending on the 
amount of mixing occurring within the buoyant layers. When sources are distributed 
on two levels, the plumes driven by sources on the floor impinge on Interface 2. 
When sources are at multiple elevations, Plumes 1,2 and 3 impinge on Interfaces 2, 
3 and 4, respectively. 
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With sources on two levels, the sharpness of Interface 1 increases when the source 
distribution ratio is increased and reduces when the exit vent area is increased. Its 
sharpness does not change when the source elevation is increased. Interface 2 re- 
duces in sharpness when the source distribution ratio approaches the critical ratio or 
when the exit vent area is increased. Otherwise, at all distribution ratios, Interface 2 
increases in sharpness as the heights of the elevated sources increase. For sources 
at multiple elevations, the sharpness of interfaces increases as the source elevations 
increase, and decreases when the effective opening area is increased. Interfaces 2 
and 3 are only established at sufficiently small exit. vent, areas. At all source distri- 
butions, the magnitude of wave-like motions and mixing at interfaces increases as 
the effective opening area increases. 
At a fixed opening area, the minimum height of Interface 1 occurs when all the 
sources are on the floor. When sources are located on two levels, the height of 
Interface I reaches a maximum when Source 4 is level with Interface I and reduces 
as the source distribution ratio increases. The height of Interface 2 is lowest when 
all the sources are on the floor and increases as, the elevation of Source 4 increases. It 
increases continuously as the source distribution ratio increases, reaching a limiting 
height at which the depth of the Layer 2 is approximately equal to the radius of 
Plume 4 at Interface 2. The trends, including the convergence and divergence of 
interfaces, are similar to the trends observed with two sources, when the strength 
ratios are equivalent to the distribution ratios for four sources. However, the actual 
heights of interfaces driven by four sources are overpredicted by the results of flows 
driven by two sources. 
In the case of sources at multiple elevations, the heights of Interfaces 1 and 4 
increase continuously as the elevation of the sources increases. Interface 4 reaches 
a limiting height that is proportional to the radius of Plume 4 at Interface 4. The 
interface heights are not well predicted, either by two equal sources or by four evenly 
distributed sources on two levels. 
At all source distributions, the heights of all interfaces are sensitively dependent 
on the effective opening area and increase as the exit vent area increases. 
At a fixed opening area, the dimensionless reduced gravity of Layer 1 is at a 
maximum when all the sources are on the floor. When the sources are located 
on two levels, it reaches a minimum when Source 4 is level with Interface I and 
increases as the source distribution ratio increases. When sources are at multiple 
elevations, the dimensionless reduced gravity of Layer 1 decreases continuously as 
the source elevation increases. For all fixed source distributions, the dimensionless 
reduced gravity of the top layer (either Layer 2 or Layer 4) is smallest when all the 
sources are on the floor and increases with a steepening gradient as the elevation of 
Source 4 increases. For sources on two levels, it decreases as the source distribution 
225 
Chapter 7 Analysis of four sources 
ratio increases. The dimensionless reduced gravities of all layers decrease as the 
effective opening area increases. 
In the case of sources on two levels, the dimensionless layer reduced gravities 
and flow rates at the exit vents are well predicted by the flows driven by two sources 
with strength ratios that are equivalent to the distribution ratios for four sources. 
However, the absolute reduced gravities are greater. The reduced gravities of layers 
driven by sources at multiple elevations are not well predicted by other source confi- 
gurations. 
At a fixed opening area, the dimensionless flow rate at the exit vents, drivcn by 
four sources on the floor, decreases when the source elevation increases. For sources 
on two levels, the exit flow rate increases as the source distribution ratio increases 
and, at all source distributions, increases as the effective opening axea increases. 
The dimensionless flow rates at the exit vent, driven by four sources on two 
levels with various distribution ratios, are well predicted by the flow rates driven 
by two sources with equivalent strength ratios. The flow rates are insensitive to the 
elevation of sources and depend only on the effective opening area. The absolute 
flow rates driven by four sources are higher than the flow rates driven by two sources, 
and are dominated by the largest group of sources on the same level. 
In the case of sources on two levels, the interface height gradients, exit flow 
rate gradients and layer density differences reduce as the source distribution ratio 
increases. 
7.9 Conclusions 
This chapter has discussed the results from experiments in Box 2 involving four 
equal sources, either distributed between two levels or at multiple elevations. In 
the case of sources on two levels, the analysis has focused on the effect of changing 
the elevation of some of the sources, for various source distribution ratios, and 
changing the distribution ratio, for fixed source elevations. In the case of sources 
at multiple elevations, the analysis has focused on the effect of changing the source 
elevations, for a fixed exit vent area, and changing the exit vent area, for various 
source elevations. In all cases, the flows driven by four sources have been compared 
with the flows driven by two sources. Finally, the results from all experiments 
involving four sources have been summarised. 
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8.1 Introduction 
This chapter develops mathematical models for describing the flows observed in the 
laboratory. It is divided into two sections, the first focusing on flows driven by two 
sources and the second on flows driven by multiple sources. 
Section 8.2 presents a derivation of three analytic models for describing the 
flows driven by two sources, of varying strength and at varying elevations, inside a 
naturally ventilated enclosure. The first applies to the case when both sources axe 
located in Layer 0 (subsection 8.2.1) and requires an additional model to describe 
Plume 2 as it crosses Interface 1 (developed in subsection 8.2.2). The second model 
applies to the case when Source 2 is located within Layer I (subsection 8.2.3) and 
the third model applies to the case when Source 2 is at a critical elevation, driving 
a two-layer flow (subsection 8.2.4). 
Predictions are compared with experimental results in subsection 8.2.5, which 
leads into a detailed analysis of the limiting depth of Layer 2 (subsection 8.2.6) and 
the phenomenon of Plume 1 impinging on Interface 2 (subsection 8.2.7). The models 
are then refined and compared with laboratory data in subsection 8.2.8. 
Section 8.3 presents a derivation of three equivalent analytic models for descri- 
bing the flows driven by multiple sources at two levels. The first considers the case 
when all sources axe located in Layer 0 (subsection 8.3.1), the second considers the 
case when the elevated sources are located in Layer I (subsection 8.3.2) and the third 
considers the critical case (subsection 8.3.3). A comparison between predictions and 
laboratory data is presented in subsection 8.3.4, and a theoretical analysis of the 
source distribution is presented in subsection 8.3.5. 
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8.2 Two sources 
A theoretical model is developed below to predict the interface heights, ýj = h11H 
and 6= h21H, driven by two sources of respective strengths B, and B2, located at 
elevations of 01 = kIIH and 02 = k21H inside a naturally ventilated enclosure. 
8.2.1 Both sources in Layer 0 
When the virtual origins of both sources are located within the ambient ]a ' yer 
(Layer 0) the flows generally resemble the observations of Cooper & Linden (1996) 
and consist of two plumes crossing Interface 1, with only Plume 2 crossing Interface 2 
and Plume 1 impinging on it, figure 8.1. The exceptions are critical flows, discussed 
in subsection 8.2.4. For this reason, the inathernatical model of Cooper & Linden 
(1996) is developed and modified as described below. 
The derivation begins with volume flux conservation which, in the case of both 
sources located in Layer 0, is expressed as 
Qin ý Qll + Q21 ý Q22 Q* = Q-t- 
Conservation of buoyancy flux requires 
B, + B2= Q,, G'll + Q21G', (Q22-Q*)G' 2 22, 
(8.1) 
(8.2) 
where Q* is the volume flux of fluid entrained from Layer 2 into Layer 1, and 
assuming there are no buoyancy transfers with the box boundaries. 
Q.., 
I 
- 
L, Q* 
2 
Lo 
in 
Q11, G'j, 
t 
Q22, G22 
ýtF 
Q21, G',, 
B, 
I 
I -t 
Figure 8.1: Schematic showing a three-laver flow driven by two sources located in Laver 0. 
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The volume fluxes across Interface 1 through Plume 1, Q11, and Plume 2, Q21i 
are found by applying (5.1), on p. 113, to each plume at Interface 1, z= hl, giving 
1/3 )5/3, QII=CB, (hi-ki 
and 
(8.3) 
= CB113 _k2)5/3, Q21 2 (h, (8.4) 
respectively. Substituting (8.3) and (8.4) into (8.1) gives 
+ 
(f2 
_)113 
(hi-k2 )5/3 
Qout Qll - ---.: Q22 - Q* (8-5) B, hi-ki 
The volume flux through the exit vents, Q,,, t, is obtained using (5.14) from 
draining flow theory (p. 117). By assuming the reduced gravity of Layer 1, g',, to be 
equal to the reduced gravity of Plume 1 at Interface 1, G11, and assuming g2' to be 
equal to G22, (5.14) reduces to 
Q,,,, t = A* 
(G22 (H - 
h2) + G'll (h2 - hi 
))1/2. (8.6) 
The reduced gravity of Plume 1 at Interface 1 is found by applying (5.2) at a height 
of z= hl. Given the plume origin has an elevation of kj, this gives 
B 2/3 (h, - ki (8.7) 
The reduced gravity of Plume 2 at Interface 2 is found by rearranging (8.2), giving 
B, + B2 
22 - Q22 - Q* 
which can be written in tenns of Q1, by substituting (8.5) to give 
(8.8) 
G'22 B, + B2 (8.9) 
+ 
(E2)1/3 )5/3 
-k2 Qll 
(h, 
B, hi-ki 
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Substituting (8.3) into (8.9), and then substituting the result, together with (8.7), 
into (8.6) gives 
( n. -4- M) 
07 - h. ) 
+e (8.10) 
CB 1/3 (hi-kl)5/3 
(B2) 1/3 (hi-k2 5/3) 
1 B, hi-ki) 
where 
eB 2/3 (h, - ki )-5/3 (h2 - hi). 
Combining (8.10) with (8.5) to eliminate Qt gives 
1/3 + 
h, -k2 
5/3 3/2 
A* 
(hi-ki) 
H2C3/2 (1+0)1/2 
/ \ 
1/2 
hi ki 5 
-, o2/3 
h, -k2 
5/3 
hi 
(hi-ki) 
h2-hi 
H 1+10 H 
(8.11) 
where V) = B11B2 is the source strength ratio. This corresponds with (2.19) on 
p. 50, developed by Cooper & Linden (1996), with the inclusion of an elevation 
parameter for Source 2. When both sources axe on the floor, (8.11) reduces to 
(2.19). Introducing the dimensionless interface heights C, '= hj/H and C2 = h2fll, 
and the dimensionless Source 2 elevation 02 = k21H into (8.11) gives 
H2C3/2 
I 1/3+ Q -02 )5/3)3 (ýj 
Ci -01 
02/3 
k \ql-vll /i 
1/2 
1/2 
(8-12) 
This is the solution for a steady three-layer draining flow driven by two sources 
located within Layer 0. 
The result (8.12) is in terms of both C, and C2, therefore, to close the problem 
the relationship between C, and C2 must be found. This is derived in the following 
section. 
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8.2.2 Distributed plume model 
In experiments with both sources located within Layer 0, the position of Interface 2 
is determined by (1) the behaviour of Plume 2 after it has crossed Interface 1 and 
(2) the behaviour of Plume 1 as it impinges on Interface 2 and entrains fluid from 
Layer 2 into Layer 1. The latter phenomenon is explored in subsection 8.2.7 and, in 
this section, the volume flux of fluid entrained from Layer 2 into Layer 1 by Plume 1 
impinging on Interface 2 is denoted by Q*. 
Within Layer 1, Plume 2 follows the solutions of the plume equations for an 
unstratified ambient, presented previously in section 5.3 (p. 113). Upon crossing 
Interface 1, however, the plume experiences a step-change in the reduced gravity 
of the surrounding fluid, causing its buoyancy flux to effectively decrease. The 
momentum carried by the plume across the interface causes it to behave as a forced 
source at and above Interface 1, as described by Morton (1959), meaning it is no 
longer described by the solutions in section 5.3 in the region immediately above the 
interface. 
To address this, Cooper & Linden (1996) modelled Plume 2 within Layer 1 as 
originating from an area source (B2, -yA121,0) at Interface 1, with a volume flux 
equal to that of Plume 2 at Interface 1 and a reduced buoyancy flux relative to 
the surrounding fluid in Layer 1. This area source was modelled using a virtual 
origin located some distance below Interface 1, with zero volume flux and a finite 
but modified momentum flux. This was called the 'distributed plume' model, and 
is illustrated in figure 8.2a. 
While capturing the physics of the flow driven by Plume 2 at Interface 1, the 
distributed plume model of Cooper & Linden (1996) resulted in a complex expres- 
sion defining the relationship between C, and C2. This included an integral which 
required a numerical solution, making its use cumbersome for predicting the heights 
of interfaces. Therefore, when modelling multiple unequal sources, Linden & Cooper 
(1996) ignored the stratification in the enclosure when calculating the properties of 
each plume. However, the results produced by this approximation were not checked 
in the laboratory. 
In the reseaxch herein, the behaviour of Plume 2 within Layer 1 is modelled using 
an intermediate approach to the above two. This involves taking into consideration 
the step change in density of the fluid entrained by the plume as it crosses Interface 1, 
but ignoring its surplus momentum flux as it enters Layer 1. This is illustrated in 
figure 8.2b and results in an analytic solution that can be incorporated directly into 
(8.12), following the derivation below. 
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(a) (b) 
9,1 
Area source 
(B'2, M21, Q21) 
Forced virtual source 
(B',, 0) 
t 
Layer I 
I 
Interface I 
I 
g'O Layer 0 
k, 
j Source 21 
(B2,0,0) 
Floor 
Nozzle Nozzle S Pure virtual source 
(B',, 0,0) 
Figure 8.2: Schematics illustrating (a) the distributed plume model of Cooper & Linden 
(1996) and (b) the approximated distributed plume model used herein. 
The reduced buoyancy flux of Plume 2 within Layer 1, B2, is expressed, at 
Interface 1, in terms of its buoyancy flux in the bottom layer and the reduced 
gravity of Layer 1, giving 
Bý Q21 (G21 - 91) ý 
B2 
- 91 Q21. (8.13) 
Substituting (8.7) for g, and (8-4) for Q21 into (8.13) gives 
B2' hi -k2 
-=I- ýb213 B2 
(it, 
-ki) 
(8.14) 
Morton et al. (1956) expressed the change in plume volume flux as 
db2 
dz ' 
and the change in momentum flux as 
= 2abiwi, (8.15) 
d 2W2 2 PO-P b. bij 
dz ' po 
(8.16) 
where bi is the plume radius, wi is the vertical velocity and a is the entrainment 
coefficient. 
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Substituting Qj =7rbilwi and Mi = -7rb, ý wj2 into (8.15) gives 
Theoretical model 
dz = 
dQj 
(8.17) 
2a7rl/2M i 
1/2 
Making the same substitutions, together with Bi -7rb? wig(p, - p)lpl, into (8.16) 
gives 
dz = 
MidMi 
(8.18) 
Qj Bi 
Equating (8.17) and (8.18) and integrating gives 
1( 5Bj )-115 [5Q3/5 I Qi 
lz]'ZO 
1/2 1/2 2air 8a7r 3 Qio 
Applying (8.19) to Plume 2 in the region above Interface 1 by substituting the limits 
zo = hi, Bi = B21v Qi = Q2(z) and Q, O = 
CB2113 (h, - 
k2 )5/3, yields 
1 5/3 Q2(Z) --z C 
(B215(z-hj)+B215(hj-k2)) 
1 
(8.20) 
which gives the volume flux of Plume 2 in Layer 1. This is an approximation of 
the true behaviour of Plume 2 in Layer 1, treating it as a pure plume as shown 
in figure 8.2b, whereas in reality the excess momentum flux at Interface 1 causes 
Plume 2 to resemble a forced plume. It is possible to derive a similar expression in 
terms of the reduced gravity of Plume 2 in Layer 1, which is also an approximation 
of the true behaviour of the plume. However, it is not possible to apply both these 
approximations together, as this results in the reduced buoyancy flux of Plume 2 
not being conserved, hence, a choice needs to be made as to which approximation 
to apply in the modelling of the plume. 
In the research herein, the approximation (8.20) is used to predict the volume 
flux of Plume 2 within Layer 1. The reduced gravity of the plume, relative to the 
fluid in Layer 1, is then derived to give a (double-) reduced gravity, G", expressed 
as 
G" = G' -g 
B2 
(8.21) 221 Q2 
The reduced gravity of the plume relative to the ambient density, G2, is found by 
rearranging (8.2 1). 
Substituting z= h2 and (8.14) into (8.20) gives the volume flux in Plume 2 at 
Interface 2, expressed as 
1/3 02/3 hi - 
k2 5/3 
1/5 5/3 
Q22: ` CB; 
(hi-ki) ) 
(h2 - hi) + (h, - k2 )) (8.22) 
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Substituting (8.3), (8.4), and (8.22) into (8.1) on p. 228 gives 
+01/3 
hl-k2 )-5/3 
+ Q* 
) 3/5 
h2 
- hi 
(hi-ki 
Q21 
hi - 
k2 
02/3 hi-k2 
5/3 1/5 
- 
(hi-ki) ) 
which, when written in dimensionless form, gives 
Theoretical model 
-1 
7 
+01/3 
Cl-02 -5/3 
+ Q* 
3/5 
C2 - Cl 
01-01) 
Q21 
) 
Cl - 02 
V)2/3 
Cl - 02 
5/3 1/5 
(8.24) 
- 
01-01) ) 
Finally, (8.24) is substituted into (8.12) on p. 230 to give 
A* 
H2C3/2 
where 
( 
1/3 + 
(CJ_02)5/3)3 
(C 1 -, 01)5 
1/2 
lp 
Ci - Ol 
Cl) - (Cl - 02) 02/3 
Cl - 02 
5/3 4/5 
e) 
(i 
- 
01-01) ) 
e 
(1+, 
01/3 
Q -02 )-5/3+ Q. 
3/5_ 
cl-ol Q21 
) 
(8.23) 
7 (8.25) 
8.2.3 Source 2 in Layer 1 
When one source is located within Layer 0 and the other within Layer 1, figure 8.3, 
volume flux conservation requires 
Qin :` Qll Q22 - Q* ý Qout 9 (8.26) 
and, because buoyancy flux is added within Layer 1, buoyancy flux conservation 
applied above Interface 1 requires 
B, + B2 = QIIGII + B2 = (Q22-Q*)G'22' (8.27) 
The reduced gravity of Plume 2 at Interface 2, G22, is expressed by substituting 
(8.26) into (8.27) to give 
B, + B2 G22 
Qll 
(8.28) 
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Q'I'll 
Lýýý 
L, Q* 
Q11, G'11 
t 
h1 
LL I 
Qi,, B, T 
h2 
--t 
Figure 8.3: Schematic showing a three-layer flow driven by one source located in Layer 0 
and one in Layer 1. 
Substituting (8.3) on p. 229 into (8.28) and then substituting the result, together 
with (8.7), into (8.6) on p. 229 gives 
ý( 
(Bi + B2) (H - 
h2) 1 2/3 )-5/3 
1/2 
Qout ý A* CB 
1/3 (h, -ki 
)5/3 
+CB, (hi-ki (h2 - hi) (8.29) 
1 
which, when equated with (8.26) gives 
ýbI12 I 
Q22, G22 
ýtF 
hi ki 
H 2C3/2 (I+V))1/2 11 hi I h2-hi 
H 1+/' H 
Non-dimensionalising (8.30) gives 
1/2 
1/2 
H2C312 
-ýI) - 
(ý2 
-ýI) 
(8.30) 
(8.31) 
which is the solution for a steady three-layer draining flow driven by two sources, 
with Source 1 located on the floor and Source 2 located within Layer 1. This 
expression is also achieved by setting 02 in (8.25). As with (8.12) oii p. 230, the 
relationship between fi and ý2 must be found in order to solve (8.31). 
When Source 2 is located within Layer 1, it does not experience a step-change 
in the density of the surrounding fluid by crossing Interface 1, as seen by comparing 
figures 8.4a and b. Plume 2 is, therefore, not described by the distributed plume 
model presented in subsection 8.2.2. Instead, its behaviour is defined by the plume 
equations (5.1) and (5.2) on p. 113, expressed in terms of its reduced buovancy flux 
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ýW 
Nozzle 
(a) (b) 
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Actual plume 
(B'2, M'21, Q21) 
Actual plume 
(B2, M21, Q21) 
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I 
Layer I 
I 
I 
Layer 0 
1 
Floor 
Nozzle 911 
Actual plume 
T-4Source 2 
k2 
R 
Virtual plume 
(B2, M'21, Q21) 
Virtual plume 
(B, ), M21, Q21) 
go 
Figure 8.4: Schematics illustrating the modelling of Plume 2 in Layer 1 when Source 2 is 
located in (a) Layer 0 and (b) Layer 1. 
relative to the fluid in Layer 1, as a function of distance from Source 2. This provides 
a direct means of estimating Q22, but requires B' to be evaluated as a function of 2 
B2, which is less straightforward to achieve than in subsection 8.2.2 because there 
is not a point at which a step-change in buoyancy from B' to B2 occurs. 2 
By temporarily considering Source 2 as driving a virtual plume of ncgative redil- 
' and measuring the distance z in a downward direction from ced buoyancy flux B21, 
the source, the properties of this virtual plume can be found at Interface 1, at a 
distance k2 - h, from the source. The reduced buoyancy flux of Plume 2 in Layer 1 
(B') just above the Interface I can then be expressed as a function of the buoyancy 2 
flux of Plume 2 in Layer 0 (B2) just below the interface, as shown in figure 8.4b, 
giving 
B2/ ý Q21 
(G2]+91)= B2 
- GIIQ21ý 
(8.32) I 
where 
and 
e"If 
1 
12/3 
_ill) -5/3 ('21 -B2 (k2 c 
(8.33) 
Q21 = CB'113 (k2 - hi 
)5/3. (8.34) 2 
Source 2 
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Given that the plume is Boussinesq, the relationship between B' and B2 given in 2 
(8.32) is irrespective of the orientation of the plume. Therefore, substituting (8.7) 
and (8.34) into (8.32) gives 
BI 
1 
(B2, )1/3 -hi 
5/3 
.2- 02/3 
( k2 
I B2 B2 hi -k, 
) 
(8-35) 
which describes implicitly the relationship between the buoyancy flux of Plume 2 
relative to Layer 0 and tile reduced buoyancy flux of Plume 2 relative to Layer 1. 
From here onwards Plume 2 is no longer considered to be negatively buoyant. 
The relationship (8.35) is more complex than when Plume 2 is located in Layer 0, 
i. e. (8.14), because the properties of Plume 2 at Interface I are defined in terms of 
its reduced buoyancy flux, B2, as opposed to B2. The result is a cubic equation. A 
simplification is introduced by defining Q21 in (8.32) using a source with buoyancy 
flux B2, located at a distance hl - k2 from Interface 1, effectively replacing the use 
of (8.34) with (8.4) on p. 229. The error introduced by doing this is third-order, as 
it is confined to the cube-root term in (8.35), and results in the expression 
B2' 2/3 k2-hi 
5/3 
B2 
(hi-ki) 
(8-36) 
which gives B2/B2 explicitly and can, therefore, be used directly in further calcula- 
tions. 
The volume flux of Plume 2 within Layer 1 is expressed by substituting B2 = B2' 
into (5-1) on p. 113, giving 
' 1/3Z5/3. Q2 = CB2 (8.37) 
At Interface 2, the volume flux of Plume 2 is found by substituting z= 11,2 - k2 and 
(8.36) into (8.37), giving 
Q22 = CB 
1/3 1 2/3 
k2 
- hl 
5/3 1/3 
2( 
(Iii-ki) ) 
Substituting (8-3) on p. 8.3 and (8.38) into (8.26) gives 
(112 
- 
k2 )5/3. (8-38) 
01/5 + 
Q. 3/5 
h2 
- 
k2 Q11) (8-39) hi - ki 0/3 k2-hi 5/3 
1/5 
(hi-ki) ) 
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which, when written in non-dimensional terms, gives 
Q* )1/5 
ý2 Qll 
- 
+02- (8.40) 
2/3 
02-ýl 5/3 
1/5 
GI 
-01 
)) 
Finally, (8.40) is substituted into (8.31) to give 
/ 
A* 
H 2C3/2 
'/)(ei _)5 
\ 1/2 
ý1) + 02) _V)1/5 V)2/3 
02-ý] 
c 
(i 
- 
Gi 
- Ol 
1/5 
(8.41) 
where 
8.2.4 Critical flows 
L(, 
During experiments, at fixed source strength ratios in the range V) >1 and at fixed 
ventilation opening areas, it was possible to elevate Source 2 such that two-layer flows 
were established in which both plumes discharged fluid into a single buoyant layer, 
figure 8.5. This is referred to as a 'critical flow' corresponding to Flow Regime 2 
in section 4.3 (p. 98), and occurs at a unique, critical elevation of Source 2, k2c- In 
theory, source elevations above or below k2, result in the either Flow Regime I or 
3, also shown in section 4.3. Similaxly, at fixed elevations of Source 2 and fixed 
(1 
Qii 
Q11, G'11 Q21, G21 
-it/ IF-- 
2w1 B, I B 
Figure 8.5: Schematic showing a two-laycr critical flow driven by two sources. 
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opening areas, there is one unique source strength ratio, 0,, at which a critical flow 
is established. 
A critical flow is characterised by the reduced gravity within both plumes being 
equal at the (only) interface, ý1. Therefore, equating (8.7) on p. 229 with the equi- 
valent expression for Plume 2 gives 
iýB2/3 
2/3 )-5/3 =1 -5/3. ZýBj (hi-ki 2 (h, - k2c) 
Non-dimensionalising (8.42) yields 
02c 
"" 
CI _ Ip-2/5(Cl _0 I 
(8.42) 
(8.43) 
which expresses the critical elevation of Source 2,02c = k2,1H, as a function of 
source strength ratio and interface height. The height of the interface is obtained 
by rearranging (8.43) to give 
01 02c 02/5 
V)2/5 
By rearranging 8.43, the critical source strength ratio is expressed as 
a, 
- o2 
)-5/2 
6 -01 
(8.44) 
(8.45) 
A more general expression is obtained by applying volume conservation in a 
critical flow, expressed as 
Qin :" Qll + Q21 "": Qout - (8.46) 
Substituting (8.3) and (8.4) on p. 229 into (8.46) and equating with (2.13) on p. 45, 
the draining flow equation for a two-layer flow, gives 
CB1113 (h, - ki 
)5/3 + CB2113 (hl_k2)5/3 = A*(gl(H-hj 
))1/2. (8.47) 
As g, = GI, = G22, substituting (8,7) into (8.47) and non-dimensionalising gives 
A* 
+, p-1/3 
6-02c 5/3 1/2 
H2C312 
(i ( 
Ci -01 
))( 
1-C, 
) 
(8.48) 
which expresses the interface height in terms of the source strength ratio, the eleva- 
tion of Source 2 and the effective opening area of the vents. 
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Substituting (8.44) into (8.48) results in the final expression 
A* 1+0 (01 - 02c) 
5 1/2 
H2C3/2 (1-. 02/ )2 
( 
(1-, 02/5)(1 - 02c) + 02c 
70-1 
)I 
(8.49) 
which allows the critical elevation of Source 2 to be found without knowing the 
height of the interface. 
8.2.5 Preliminary analysis 
A preliminary plot of predicted interface heights was achieved by applying (8.25) 
and (8.41), on pp. 234 and 238, respectively, assuming Q* = 0, at a fixed source 
strength ratio of 0= .1 and an effective opening area of A*1H 
2=0.0074, 
over 3 
the range 0 :5 02< 1. The equations were solved numerically using the (iterative) 
Goal Seek function in Microsoft Office Excel 2003 by adjusting ý, until the required 
A*1H 2 was achieved. The predictions were compared to interface heights measured 
in the laboratory, seen in figure C. 3a (i) on p. 336. Virtual origin corrections were 
applied to the laboratory sources, giving higher effective interface positions than 
those shown in appendix C. The results are plotted against predictions in figure 
8.6a and show excellent agreement between the measured and predicted heights of 
Interface 1. However, the height of Interface 2 was less well predicted in two regions, 
as described next. 
Firstly, C2was slightly underpredicted in the range 05 02 :50.5, due to Plume 1 
impinging on Interface 2, entraining fluid from Layer 2 into Layer 1 and increasing C2. 
This was not accounted for in the model due to the assumption of zero volume flux as 
a result of impingement, Q* = 0, although it is clearly a second-order effect. This is 
discussed in more detail in subsection 8.2.7. Secondly, C2was slightly overpredicted 
in the range 0.6 < 02 :51, in which the upper layer depth was about 10% of the 
box height or less, and pressures in this thin layer were expected to depart from the 
hydrostatic assumption applied in the model. Note also that for sufficiently laxge 
02 the model predicted the depth of the upper layer as zero. This limitation of the 
model is addressed in subsection 8.2.6. 
The theoretical model was also applied to flows driven by sources with a strength 
ratio of ?p=3, figure 8.6b. An immediately apparent feature of the flows in this case 
was the presence of a critical elevation of Source 2 at which a two-layer flow was 
driven. Under the above conditions, (8.49) predicted this to occur ato2= 0.132. 
At greater elevations of Source 2, Flow Regime I was driven, which was modelled 
using (8.25) and (8.41). At smaller elevations of this source, the elevated plume 
drove Layer 1 and could not, therefore, be modelled as originating from Source 2 
in (8.25) and (8.41). Instead, the elevated source was treated as Source 1, with a 
240 
Chapter 8 Theoretical model 
Box 2 
a,, t = 7.06 CM2 
ai,, = 573.34 CM2 
_i 'P- 3 
(b) 
I 
1.0 1T 
0.8 
4joýq 0.6 
OA: 
0.2 
00 
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 
02 02 
Figure 8.6: Box 2 with 2 sources and 1 Small exit vent. Virtual-origin-corrected steady 
interface heights, (x) el, (+) ý2, plotted as a function of Source 2 elevation, 02, for source 
strength ratios of (a) 0=1 and (b) ip = 3. Blue lines (-) show the theoretical predictions 3 
of (8.25) and (8.41) taking A*1H = 0.0074. The dashed red line in (b) shows the 
critical elevation of Source 2,02, ý = 0.132, predicted by (8.43). 
non-zero source elevation parameter 01, while the source on the floor was modelled 
as Source 2 with 02 = 0. In this way, interface heights were predicted in the range 
0 !5 02 :5 02c- 
The height of Interface 1 was very well predicted, whereas ý2 was slightly under- 
predicted in the range 0< ýý :5 02c and overpredicted in the range 02, :5 02 :51, 
with upper layer depths of zero predicted in the range 0.47 < 02 :51. Overall, the 
preliminary results showed very good agreement between the basic theoretical mo- 
del and laboratory observations, including the distributed plume model of Cooper 
& Linden (1996) and the virtual plume model described in subsection 8.2.3. 
8.2.6 Limiting depth of Layer 2 
Based on visual observations it was postulated that the minimum depth of the upper 
layer is set by the radius of Plume 2 as it strikes the ceiling. Figures C. 2a to C. 3c, 
starting on p. 334, show that, in general, as 02 increased in the range 0.5 :5 02 :51, 
the depth of Layer 2, d2 =1- ý2, decreased approximately linearly. This prompted 
an investigation of the relationship between the depth of Layer 2 and the radius 
of Plume 2 at the ceiling, b2H, calculated using (5.4) on p. 113. The results are 
shown in figure 8.7a and reveal that, in most experiments, the depth of Layer 2 
was equal to, or greater than, the radius of Plume 2 at the ceiling, as shown by the 
1.0 
0.8- 
0.6-- 
0.4 
0.2- 
I 
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Box 1, Box 2 
2 sources 
All experiments 
At ceiling 
I 
(a) 
1234 
b2H (CM) 
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Theoretical model 
At Plume Plate 
I 
(b) 
23 
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5 
Figure 8.7: Boxes 1 and 2 with 2 sources. (a) Depth of Layer 2, (x) d2, plotted as a 
function of Plume 2 radius at the ceiling, b2H, for all experiments. The blue line () 
indicates the line d2 = b2H. (b) Depth of Layer I below the Plume Plate, (+) hpp - hi 
(where hpp is the height of the Plume Plate), plotted as a function of Plume 1 radius at 
the Plume Plate, b1pp, for experiments using the Plume Plate. The red line indicates 
the line (hpp - hj) = b1pp. 
line d, ) = b2H. This is well illustrated hy the bar graph in figure 8.8, which shows 
the ratio d2/b2H recorded in all experiments. In most cases, this ratio did not fall 
below unity, indicating that the minimum depth of Layer 2 was well approximated 
by the radius of Plume 2 at the ceiling. Other Layer 2 depths were determined by 
hydrostatic pressure distributions within the box which meant that, in these cases, 
ý2 was predicted directly by (8.25) and (8.41). 
:Z 
c. 1 
3 
0 
Figure 8.8: Boxes 1 and 2 with 2 sources. Depth of Layer 2, d2, scaled on the radius 
of Plume 2 at the ceiling, b2H, for all experiments. The horizontal line (-) indicates 
d2/b2H 1- 
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Figure 8.9: Box 2 with 2 sources and 1 Small exit vent. Virtual-origin-corrected steady 
interface heights, (X) 6? W 6, plotted as a function of Source 2 elevation, 02, for 
source strength ratios of (a) 7P =1 and (b) ýb = 3. Blue lines show the theoretical 3 
predictions of (8.25) and (8.41) taking A*IH2 = 0.0074 and limiting the depth of Layer 2 
at d2 = b2H. The dashed red line in (b) shows the critical elevation of Source 2, 
02, = 0.132, predicted by (8.43). 
These results were incorporated into the theoretical model by including the condi- 
tion that the depth of Layer 2 could not fall below the radius of Plume 2 at the 
ceiling. Applying this to the plots in figure 8.6 resulted in the refined predictions 
shown in figure 8.9. The improvement in fit with experimental data is immediately 
apparent, with good agreement observed between predictions Of 6 and observations 
in the range 0.6 < 02 < I. A discrepancy was still observed, however, at smaller 
Source 2 elevations, which is addressed in the following section. 
In experiments involving the use of a Plume Plate to stop Plume I impinging 
on Interface 2, it was observed that, in some experiments, the Plume Plate was 
sufficiently close to Interface I to affect the position of fi. This was due to the 
radial outflow from the impinging plume mixing with surrounding fluid after hitting 
the plate, as described in section 6.11 (p. 186). It was initially thought that the depth 
of Layer 1 below the Plume Plate was related to the radius of the plume, hitting the 
plate. However, figure 8.7b does not show evidence of such a relationship. The 
reason for this is that the finite radius of the Plume Plate prevented the formation 
of a gravity current that extended across the full width of the box, resulting in 
different flow dynamics to those observed at the ceiling. 
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8.2.7 Plume impinging on a density interface 
In the majority of experiments, Plume I was observed to impinge on Interface 2, 
mixing with fluid in Layer 2 and entraining it into Layer 1 (with a volume flux Q*). 
This resulted in an increase in the height of Interface 2. The entrainment volume 
flux was taken into account in (8.25) and (8.41), however, a mathematical model for 
calculating Q* was not provided. Therefore, it was assumed that Q* = 0, resulting 
in the discrepancies observed in figure 8.9. 
Previous studies have investigated the entrainment driven by plumes impinging 
on density interfaces. Baines (1975) suggested that the primary mechanism of en- 
trainment at the interface is by large eddies scooping heavy fluid between them upon 
intersection with other eddies, and found that the entrainment flux is independent 
of the Reynolds number. Rom observations, it was concluded by Baines (1975) that 
the entrainment depends on the local radius, bi, and centre-line velocity, wi, of the 
plume at the interface, and the reduced gravity across the interface, gi. The three 
parameters were combined as a Froude number, Fri = wiffiigý) 1/2, applied to the 
experimental data of Turner (1968) and compared with the dimensionless entrain- 
ment flux, Q*Ibiwi, measured in the same experiments. The entrainment flux was 
found to be proportional to the cube of the Froude number. 
These findings were applied to the results herein by considering the properties 
of Plume 1 at Interface 2. The radius, b12, and centerline velocity, W12, of Plume 1 
were estimated using (5.4) on p. 113, and the reduced gravity across Interface 2 was 
expressed by (g2' - gi), giving 
Fr W12 
Vb-12(921 
- 91) 
and Q* 
ý2 
12WI2 
(8.50) 
= KBFr3,2, 
where KB is, a constant. Baines (1975) modelled plumes using Gaussian profiles, 
whereas the plumes in the study herein were modelled using top-hat profiles. This 
resulted in the values Of W12 herein being smaller than those used by Baines (1975) 
by a factor of 41/3, but did not affect the relationship shown in (8.51). 
The impingement of a plume on a density interface was studied in detail by Ku- 
magai (1984), who also found an empirical relationship between the dimensionless 
entrainment flux and the interfacial Roude number. Both Baines (1975) and Kuma- 
gai (1984) expressed their results in terms of an entrainment buoyancy flux divided 
by 7r, whereas Q* herein is the total volume flux of entrainment observed in the 
laboratory. Therefore, when applied to the results herein, the empirical relationship 
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of Kumagai (1984) is expressed as 
1. OR3 Q* 12 
7rb2 1 Fr2 
3 
12WI2 1+3.12 + 1.8F'rl2 
(8.52) 
In the theoretical model of Cooper & Linden (1996), developed to predict the 
stratification driven by two unequal sources on the floor of an enclosure, Q* was 
predicted using the corrected empirical formula of Kumagai (1984) shown in (8.52), 
and produced a reasonably good fit with experimental data. Before using the same 
procedure in the present theoretical model, an attempt was made to quantify the 
entrainment flux observed in the experiments. This was done by comparing the 
results of experiments involving the Plume Plate with the results of experiments 
performed under similar conditions without the Plume Plate. 
By preventing Plume 1 from impinging on Interface 2, experiments involving the 
Plume Plate provided data with which the predictions of (8.25) and (8.41) could 
be compared directly by taking Q* = 0. The results from these experiments, with 
virtual origin corrections applied, axe shown in figure 8.10 and correspond to the 
uncorrected results shown in figures C. 14a to c, starting on p. 364. The results 
are plotted against theoretical predictions, taking the average estimated effective 
opening area for the experiments in each plot. 
Figure 8.10 shows that the interface heights observed in experiments which inclu- 
ded the Plume Plate were very well predicted by the theoretical model with Q* = 0. 
This provided confidence in the theoretical model. Next, Q* was evaluated using 
(8.25) and (8.41), from the observed differences in ý2 between the experiments in 
figure 8.10 and the experiments in figure C. 3a on p. 336. The estimates of Q* were 
scaled on the radius and centre-line velocity of Plume 1 at Interface 2 and plotted 
against the interfacial Froude number, as shown in figure 8,11a. The entrainment 
fluxes predicted using (8.52), the model of Kumagai (1984), revealed a poor fit with 
the results. Although the number of data points was small, a line was fitted that 
described a cubic relationship between the entrainment flux and the Froude number, 
using the basic approach of Baines (1975) given in (8.51). A constant of KB = 0.019, 
giving 
Q* 
2 
1 7rb , 2WI2 
= u. uiurr-12, kO. 0,3) 
provided a marginally better fit with the data than the model of Kumagai (1984). 
A similar analysis was carried out for all experiments, by assuming that the 
theoretical model was reliable in predicting interface heights when Q* = 0. The 
measured interface heights were compared with the predicted heights, from which Q* 
was inferred and plotted as a function of the interfacial Froude number, figure 8.11b. 
When applied to the results of all the experiments, both models showed a generally 
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Figure 8.10: Box 2 with 2 sources and a Plume Plate (PP). Virtual-origin-corrected steady 
interface heights, (x) ý1, ý2, plotted as a function of Source 2 elevation, 02, for source 
strength ratios of (a, d) 1, (b, e) 0=1 and (c, f) 0=3. Blue lines (-) show 32 
the theoretical predictions of (8.25) and (8.41) taking Q* =0 and (a) A*1H = 0.0065, 
(b) A*1H 2=0.0068, (c) A*1H 2=0.0073, (d) A*1H 2=0.0204, (e) A*IH2 = 0.0165 
and (f) A*IH2 = 0.0205. Dashed red lines (- -) show the critical elevations of Source 2 
predicted by (8.43), giving (c) 02c = 0.130 and (f) 02c = 0.186. (a to c) 1 Small exit vent 
and (d to f)1 Laxge exit vent. 
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Figure 8.11: Box 2 with 2 sources. Dimensionless entrainment flux, Q*/'rb212W12y plotted as 
a function of the interfacial Froude number (at Interface 2), R12, inferred by (a) comparing 
experiments with and without a Plume Plate and (b) compaxing theoretical predictions of 
interface heights (taking Q* = 0) with experimental data. Solid green lines (-) show the 
predictions of the empirical model of Kumagai (1984), and dashed blue lines show 
O. Ol9Fr3 the line Q*/7rb2l2Wl2 = 12* 
poor fit with the data. 
The two entrainment models were tested by incorporating each into (8.25) and 
(8.41), and comparing the predictions with the data shown in figures C. 3a (i to iii) 
on p. 336. The results axe presented in figure 8.12 and show that, in general, the 
model of Kumagai (1984) resulted in overestimates of C2. The model using (8-53) 
underpredicted C2 in some experiments and overpredicted it in others. 
There was a lack of consistency in the models of Kumagai (1984) and Baines 
(1975) when applied to the results herein. This led to the prediction of Q* in the 
theoretical model being abandoned. In section 6.11 it has been shown that the 
entrainment of fluid from Layer 2 into Layer 1 is a second-order effect, which had 
no visible impact on the height of Interface 1, and reduced the height of Interface 2 
in only a small number of experiments. Predictions of interface heights did not 
consistently benefit from the inclusion of either entrainment model and actually 
resulted in less accurate predictions in many experiments. For these reasons, the 
subsequent comparisons of the theoretical model with experimental data are carried 
out by taking Q* = 0. 
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Figure 8.12: Box 2 with 2 sources and 1 Small e3dt vent. Virtual-origin-corrected steady 
interface heights, (x) ý1, (+) ý2, plotted as a function of Source 2 elevation, 02, for source 
strength ratios of (a, d) ip = 1, (b, e) ip =1 and (c, f) tP 3. The solid lines show 3 
the theoretical predictions of (8.25) and (8.41) taking A*IH2 0.0081, with (a to c) Q* 
predicted using the empirical model of Kumagai (1984), shown by green lines (-) and 
(d to f) Q* predicted from (8.53), shown by blue lines (-). The dashed red lines (- -) in 
(c) and (f) show the critical elevation of Source 2,02c = 0.135, predicted by (8.43). 
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Figure 8.13: Box 1 with 2 equal sources, 0=1. Virtual-origin-corrected steady interface 
heights, (x) C1, (+) C2, plotted as a function of Source 2 elevation, 02. Blue lines (-) 
show the theoretical predictions of (8.25) and (8.41) taldng Q* = 0, (a) A*IH2 = 0.0081 
and (b) A*IH2 = 0.0201. (a) 1 Small exit vent and (b) 1 Laxge exit vent. 
8.2.8 Comparison with laboratory data 
The predictions of the theoretical model showed good agreement with the heights of 
Interface 1 observed in Box 2, as seen in figure 8.10. The model was also compared 
with the interface heights observed in Box 1, as shown in figures 8.13 to 8.17, and 
the results are described below. 
Varying source elevation 
Figures 8.13 to 8.15 show that excellent agreement was achieved between the pre- 
dicted and observed heights of Interface 1 at all elevations of Source 2, all source 
strength ratios and for both opening areas studied. Good agreement was achieved 
for the height of Interface 2 at elevations of Source 2 which resulted in the depth 
of Layer 2 being determined by the geometry of Plume 2 at the ceiling of the box. 
However, in the case of 1 Large exit vent, and at source strength ratios in the range 
1 :5 ?p :54, the height of Interface 2 was overpredicted in the range 02, :5 02 :50.5, 
figures 8.13 and 8.15. This indicates that the minimum depth of Layer 2 was not 
identically equal to the predicted radius of Plume 2 at the ceiling. 
At lower Source 2 elevations, ý2 was generally underpredicted by the model, 
indicating the presence of an entrainment volume flux from Layer 2 into Layer 1, 
due to one of the plumes impinging on Interface 2. The effect on ý2 from impingement 
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Figure 8.14: Box 1 with 2 sources. Virtual-origin-corrected steady interface heights, 
(x) ý1, ý2, plotted as a function of Source 2 elevation, 02, for source strength ratios of 
(a, d) 0 1, (b, e) ip =1 and (c, f) tP Blue lines (-) show the theoretical predic- 42 
tions; of (8.25) and (8.41) taldng Q* =0 and (a, b) A*1H 2=0.0065, (c) A*1H 2=0.0081 
and (e, f) A*IH2 = 0.0201. (a to c) 1 Small exit vent and (d to f) 1 Large exit vent. 
decreased as 02 increased, which coincided with an increase in the density difference 
between Layer 1 and Layer 2. This matched the observations of Baines (1975), who 
noted shallower depressions from impinging plumes and less intense entrainment as 
the density difference increased. Overall, Q* decreased as the opening area increased, 
resulting in smaller discrepancies between the predicted and observed heights of 
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Figure 8.15: Box 1 with 2 sources. Virtual-origin-corrected steady interface heights, 
(x) ý1, (+) ý2, plotted as a function of Source 2 elevation, ý2, for source strength ratios 
of (a, d) 7P = 1, (b, e) 0=2 and (c, f)0=4. Blue lines (-) show the theoretical predic- 3 
tions of (8.25) and (8.41) taking Q* =0 and (a, b) A*1H 2=0.0080, (c) A*1H 2=0.0074 
and (d to f) A*IH2 = 0.0201. Dashed red lines (- -) show the critical elevations of 
Source 2 predicted by (8.43), giving (a) 02,0.037, (b) 02, = 0.088, (c) 02, = 0.160, 
(d) ý2c = 0.052, (e) 02c = 0.121 and (f) 02,0.226. (a to c) 1 Small exit vent and 
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Interface 2. 
At source strength ratios in the range 31 :50 :54, the theoretical model predicted 
a sharp increase in ý2 close to the critical Source 2 elevation, which peaked at 
the critical elevation, figure 8.15. This could not be verified experimentally, as 
Interface 2 was not visible in these ranges, due to the small density variations within 
the stratifications preventing the formation of clear interfaces. 
At both exit opening areas, the results show that the theoretical model performed 
well in predicting the heights of interfaces when the elevation of one of the sources 
was increased. 
Varying source strength ratio 
Figures 8.16 and 8.17 show that excellent agreement was also achieved between the 
predicted and observed heights of Interface 1 as the strength ratio of the sources was 
vaxied. In the case of 1 Small exit vent, the height of Interface 2 was underpredicted 
by the model at Source 2 elevations Of 02 =0 and 02 = ý', figures 8.16a and b. 
This was due to the impinging of Plume 1 on Interface 2, and was not evident with 
1 Laxge exit vent, figures 8.16d and e. At a source elevation of =1 the height 02 3 
of Interface 2 was underpredicted in the case of 1 Small exit vent and overpredicted 
in the case of 1 Large vent. At higher 02 the agreement between the model and 
observations was good, as C2 became independent of Source 2 elevation, figure 8.17. 
At both opening areas, C2 was predicted to peak at the critical source strength 
ratio. With both sources on the floor of the box, the peak was reached gradually 
as tP, was approached, figures 8-16a and 8.17a. However, when the elevation of 
Source 2 was 02 = ý', a step change in C2 was observed around ik,. This could not be 6 
verified experimentally due to the small density differences within the stratifications, 
present in these ranges, preventing the formation of visible interfaces. 
In general, at both exit opening areas, the theoretical model performed very well 
in predicting the heights of interfaces when the source strength ratio was increased. 
Key results for two-source model: 
* Excellent agreement is achieved between the predicted and observed 
* ý2 is underpredicted when C2 < (1 - b2. ff) 
* The maximum C2 is well predicted 
41 C2 peaks sharply at 02 2" 02c 
Q* decreases as 02 increases 
Q* decreases as A*1H 2 increases 
0 C2 approaches a peak in the limit 
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Figure 8,16: Box 1 with 2 sources. Virtual-origin-corrected steady interface heights, 
(x) ý1, (+) ý2, plotted as a function of source strength ratio, ýb, for Source 2 eleva- 
tions of (a, d) 02 = 0, (b, e) 02 and (c, f) 02 = 
I. Blue lines (-) show the 32 
theoretical predictions of (8.25) and (8.41) taking Q* = 0, (a to c) A*1H = 0.0080 
and (d to f) A*1H 2=0.0200. Dashed red lines (- -) show the critical source strength 
ratios predicted by (8,45), giving (a, d) 0, = 1.00, (b) Oc = 4.06 and (e) Oc = 2.66. 
(a to c) 1 Small exit vent and (d to f) 1 Laxge exit vent. 
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8.3 Multiple equal sources 
The theoretical model was further extended to describe the flows driven by multiple 
equal sources distributed between two elevations, with n sources, each of strength 
B, and an elevation of kl, at low level and m sources, each of strength B2 and an 
elevation of k2, at high level (k2 > kl), as shown in figure 8.18. The low-level sources 
drive n plumes that supply Layer 1 and the high-level sources drive m plumes that 
supply Layer 2. The plumes from the low-level sources impinge oil Interface 2 at 
n locations, resulting in a total entrainment volume flux of nQ* from Layer 2 into 
Layer 1. 
The theoretical model treats all low-level sources as Source I and all high-level 
sources as Source 2, irrespective of the number of sources. This simplifies the ex- 
tension of the model from the case of two sources and enables parallels to be inline- 
diately identified by the reader. This designation of sources is appropriate because 
the model assumes that the sources are located on two levels only. However, this 
differs from the designation of sources during experiments, as described in chapter 7, 
in which each of the four sources was uniquely numbered. This was necessary ill 
the laboratory to identify the positions of sources when the sources were located 
at more than two levels. For this reason, the elevations of high-level sources ill the 
laboratory were identified by the elevation of the last source, when counting from 
the left, giving 04, whereas in the theoretical model the elevation of the high-level 
sources is given by 02. 
h1 
Figure 8.18: Schematic showing a three-layer flow driven by n low-level sources and m 
high-level sources located in Layer 0. 
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8.3.1 All sources in Layer 0 
When the virtual origins of all the sources axe located within Layer 0, volume flux 
conservation requires 
Qi,,, = nQjj + MQ21 = MQ22 - nQ* = Q,,,, t, (8.54) 
and buoyancy flux conservation requires 
nBI + mB2 = nQllG'll + mQ2, G'21 = (MQ22-nQ*)G' (8.55) 22 
Substituting (8.3) and (8.4), on p. 229, into (8.54) gives 
nQ, j +m( 
B2 )1/3 (hl_k2)5/3 
MQ22- nQ* = Q. t. (8-56) n B, hi-ki 
The reduced gravity of Plume 2 at Interface 2 is found by rearranging (8.55), 
giving 
nBI + mB2 
MQ22 - nQ*' 
which is written in terms of Q1, by substituting (8.56) to give 
(8.57) 
nB, + mB2 GIý2 = 
Qll + !! 
(B2 )1/3 (hi-k2 )5/3 
(8-58) 
(i 
n B, hi-ki 
Substituting (8.3) into (8.58) and then substituting the result, together with (8.7) 
on p. 229, into (8.6) gives 
( 
Q,,, t = A* 
(nB, +mB2)(H-h2) 
I 
, mCB 
1/3 (hl-kl )5/3 +m 
(B2)1/ý 
1 
(1 
n B, 
- 110 -- mj. 2\ 
.-1 
1/3 )5/3 1+m (B2)"l'(hj-k2)"lo mCB, (hi-ki 
(nB, 
hi-ki 
where 1 2/3 )-5/3 e=ZýB, (hi-ki (h2 - hi). 
-I- pI (A RU i 
1/2 
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Equating (8.59) with (8.56) eliminates Q,, t to give 
(&)1/3+ý-2/3 hi -k2 (hi-ki 
nH2C3/2 
I 
(i + ý, 0)1/2 
hi ki 
1 _, 02/3 
hi - 
k2 5/3 
1_hl_ 
(hi-ki) 
5/3 ) 3/2 
\ 1/2 
I 
h2-hi 
(8.60) 
ý- Hi+ &) Hj 
where, O = BIIB2 is the source strength ratio and n/m is the source distribution 
ratio, expressed as a fraction. Non-dimensionalising gives 
CI-402 5/3 
3 1/2 
A* 
01-01) 
(8.61) 
nH2C3/2 
02/3 
Cl - 02 
5/3 
-Q 
-01 
) 
To close the problem, the plumes driven by the elevated sources are each modelled 
within Layer 1 following the procedure described in subsection 8.2.2. By substituting 
(8.3), (8.4) and (8.22) on p. 233 into (8.54) this gives 
+ hi - 
k2 -5/3 
+4 
* 
3/5 
h2 
- hi 
(hi-ki) 
Q21 
) 
h, - 
k2 
V)2/3 hi -k2 
5/3 1/5 
- 
(hi-ki) ) 
which, when written in non-dimensional terms, gives 
-5/3 
3/5 
+V)V)113 
6-02 
+4* 1 C2 - Cl 
Q 
-01 
) 
ýý21 
) 
Cl - 02 
02/3 
Cl - 02 
5/3 1/5 
-Q 
-01 
)) 
Theoretical model 
x 
I (8.62) 
(8.63) 
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Substituting (8.63) into (8.61) gives 
A* 
nH 
2C3/2 
where 
/ (ýv))1/3 + ý-2/3 6- 02 
5/3 3 
01), 
Gi 
-01 
)) 
Theoretical model 
ý 1/2 
02) V)2/3 
ýl -02 
5/3 4/5 (i 
-Q 
-01 
)) 
e) 
7 
(8.64) 
+ 
ý1 - 02 
)-5/3+ý Q. 
3/5- 
ýI -01 Q21 
)1. 
This is the solution for a steady three-layer draining flow driven by multiple sources 
of two strengths and at two elevations, located within Layer 0. 
8.3.2 Elevated sources in Layer 1 
When the low-level sources are located within Layer 0 and the high-level sources 
within Layer 1, figure 8.19, volume flux conservation requires 
Qi,, = nQjj = MQ22 - nQ* = Q,,, t, (8-65) 
and buoyancy flux conservation requires 
nB, + mB2 = nQ, , G, 1+ 
B2 = (MQ22 - nQ*) 
G122' (8.66) 
L2 
Q1 , G'll 
I 
Q22, G2 
,-IIvIIII 
Qj, nxB, ý-- mxB, 
I 
h2 
-T 
IF 
k2 
Figure 8.19: Schematic showing a three-layer flow driven by n low-level sources located in 
Layer 0 and m high-level sources located in Layer 1. 
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The reduced gravities of the elevated plumes at Interface 2 are expressed by substi- 
tuting (8.65) into (8.66) to give 
G'22 = nBI + mB2 
nQjj 
(8.67) 
Substituting (8.3) into (8.67) and then substituting the result, together with (8.7) 
into (8.6), gives 
Q. t = A* 
(nB, +mB2)(H-h2) +1B 
2/3 (h, - k, 
)-5/3 (h2-hl) 
1/2 
(8.68) 
nCB 
1/3 (h, - ki 
)5/3 
which, when equated with (8.65), gives 
hi-ki 
1/2 
A* 1/2 H 
nH2C3/2 + &) 1/2 hi 1 h2-hi 
H j+& H 
Non-dimensionalising gives 
A* ( mc, - ow 
nIl2C3/2 (1 + OP) (1 - Cl) - 
(C2 - Cl) 
(8.69) 
(8.70) 
The buoyancy of Plume 2 relative to Layer 0 is defined following the procedure 
described in subsection 8.2.3 (p. 234). Substituting (8.3) and (8.38) on p. 237 into 
(8.65) gives 
3/5 
ý3/505 
h2 - k2 
(1 
+ Q11) 
hi - ki 
V)2/3 
k2 
- hi 
5/3 1/5' (1 
- 
(hi-ki) 
which, when written in non-dimensional terms, gives 
(8.71) 
35 
+ 
&) / 
(Cý 
-0o 
C2 Qll 
5/3 
02- (8.72) 
V)2/3 
02-Cl 
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Substituting (8.72) into (8.70) gives 
/ 
A* 
nH2C3/2 
where 
h«1 -&) 
ý 1/2 
-402) _ý3/5V)1/5 V)2/3 
02-6 
e) 
(i Q) 5/3 )- 
1/5 1 
(8.73) 
Q11 
which is the solution for a steady three-layer draining flow driven by multiple sources 
of two strengths, with the low-level sources located within Layer 0 and the high-level 
sources located within Layer 1. 
8.3.3 Critical flows 
The critical elevation of the high-level sources, 02., the critical source strength ratio, 
, 0,, and the resultant height of Interface 1 axe expressed by (8.43) to (8.45) on p. 239. 
With n low-level sources and m high-level sources, the volume flux in a critical flow 
is expressed as 
Qi,, = nQjj + MQ21 ý Qout- (8.74) 
Substituting (8.3) and (8.4) into (8.74) and equating with (2.13) on p. 45, the draining 
flow equation for a two-layer flow, gives 
1/3 )5/3 +, MC 
/3 
_k 
)5/3 ))1/2. 
nCB, (hi-ki B21 (h, 2= A*(gi(H-hi (8.75) 
Taking g, = G'11, substituting (8.7) into (8.75) and non-dimensionalising gives 
A* 6-02c 5/3 (6 -005 
1/2 
nH2C3/2 
(6-01 ))( 
1-ýj 
) 
9 
(8.76) 
which expresses the interface height in terms of the source strength ratio, the eleva- 
tion of the high-level sources and the effective opening area of the vents. Substituting 
(8.44) on p. 239 into (8.76) results in the expression 
(01 - 02J5 
1/2 
nH2C3/2 (1-, p2/5)2 ý(1-, 02/5)(1-02c )+0 2c -01 
) 
1 (8-77) 
which allows the critical elevation of the high-level sources to be found without 
knowing the height of the interface. 
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8.3.4 Comparison with laboratory data 
The predictions of the theoretical model, using (8.64) and (8.73), on pp. 258 and 260, 
respectively, were compaxed with laboratory observations by applying virtual origin 
corrections to the results of experiments involving four sources on two levels, discus- 
sed in chapter 7. The limiting depth of Layer 2 was set as the radius of the elevated 
plumes at the ceiling, as described in subsection 8.2.6. The results are presented 
in figure 8.20 and show excellent agreement between the predicted and observed 
heights of Interface 1. The height of Interface 2 was slightly underpredicted in most 
experiments, due to the low-level plumes impinging on Interface 2. The effect on C2 
of the entrainment flux due to impingement was approximately equal at the three 
source distribution ratios that were studied, figures 8.20a to c, but increased as the 
opening area of the exit vents increased. This trend was not observed with two 
sources and revealed an increased level of sensitivity of C2 to opening area as the 
number of sources was increased. 
In general, the theoretical model performed very well when compared with la- 
boratory observations, and supported the findings described in chapter 7. This pro- 
vided confidence in the model and allowed a more detailed theoretical investigation 
to be carried out into the effect of the distribution of sources on the stratification 
inside a naturally ventilated enclosure. This is described in the following section. 
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Box 2 
ai,, = 573.34 CM2 
ý= (1,1,3) 3 
Small exit vent 
a,, t = 7.06 CM2 
I 
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I --+ 
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(C) 
41 
0 0.2 
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Figure 8.20: Box 2 with 4 sources. Virtual-origin-corrected steady interface heights, 
(x) ý1, (+) ý2, plotted as a function of Source 2 elevation, 02, (Source 4 elevation in expe- 
riments, 04) for source distribution ratios of (a, d) ý=1, (b, e) 1 and (c, f) 3. 3 
Blue lines (-) show the theoretical predictions of (8.70) and (8.73) taking Q* 0 and 
(a, b) A*1H 2=0.0073, (c) A*IH2 = 0.0081, (d) A*1H 2=0.0207, (e) A*III 2 0.0185 
and (f) A*1H 2=0.0195. (a to c) 1 Small exit vent and (d to f) I Large exit vent. 
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8.3.5 Source distribution 
The effect of the distribution of sources is discussed by considering a naturally 
ventilated auditorium with vents in the floor and ceiling, containing seating at floor 
level, 0, and on a gallery at mid-height, 02 =i 2* 
The first source distribution to be considered consists of five occupants of equal 
temperatures seated at floor level, n=5, as shown in figure 8.21a, driving a two-layer 
flow as described by Linden et al. (1990) for multiple sources. Keeping the number 
of occupants at floor level constant, n=5, and introducing a single occupant on the 
gallery (so now m= 1) results in the formation of a third layer below the ceiling. 
Increasing the number of occupants at gallery level, figure 8.21b, causes the height 
of Interface 1 to increase very slightly, with the depth of Layer 2 defined by the radii 
of the elevated plumes at the ceiling, resulting in a constant height of Interface 2. 
At a sufficiently laxge source distribution ratio, V) = n/m, the height of Interface 2 is 
(a) (b) 
L2 
hirl 
Li 
n=5 
M=o 
h, 
T 
v* 
Ll 
n=5 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
0 3 
m/n 
5 
M>o 
LO 
h2 
IP * 
k2 
Figure 8.21: Schematics showing the flows driven by n=5 equal sources at floor elevation, 
kI = 0, and (a) no other sources (m = 0), (b) m>0 identical sources at an elevation of 
k2 = H12, giving 0=1 and 02 = 1. (c) Steady interface heights in (a) and (b), 2 
ý2, predicted as a function of the inverse source distribution ratio, m/n, using 
(8.70) and (8.73), and taking A*/H2 = 0.020. This shows the change in interface heights 
as the number of high-level sources is increased while keeping the number of low-level 
sources fixed. 
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determined by the hydrostatic pressure distribution within the stratification. Below 
this, Interface 2 falls as the number of occupants at gallery level increases. This is 
accompanied by an increase in the height of Interface 1, as shown in figure 8.21c by 
plotting an inverse source distribution ratio, ý-l = m/n, to illustrate the changing 
stratification. Hence, ý-i =0 represents 5 sources on the floor and none on the 
gallery, ý-' =1 represents 5 sources both on the floor and gallery, and 5 
represents 5 sources on the floor and 25 sources on the gallery. 
The reverse trends are observed by starting with five occupants at gallery level 
and increasing the number of occupants at floor level. With all the occupants on 
the gallery, at a height of 02 = 1, a two-layer flow is driven with the interface 2 
located between the gallery and the ceiling, as shown in figure 8.22a. Introducing a 
single occupant at floor level, while keeping the number of occupants on the gallery 
constant, results in the formation of a second interface below the first. Increasing 
the number of occupants on the floor, figure 8.22b, causes a sharp decrease in C, 
(a) (b) 
LO 
n=O 
L, 
I 
-r 
hi 
r 
k2 
L, 
n>O 
1.0 
0.8. 
0.6 - 
.Z 0.4 
0.2- 
0 
m= 
43 LO I 
-r 
h2 
II k2 
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Figure 8.22: Schematics showing the flows driven by m=5 equal sources at an elevation 
of k2 = H12, giving 02 = 1, and (a) no other sources (n = 0), (b) n>0 identical sources 2 
at floor elevation, ki = 0, givingO = 1. (c) Steady interface heights in (a) and (b), 
(-) ý2, predicted as a function of the source distribution ratio, ý= n/m, using (8.70) 
and (8.73), and taking A*1H 2=0.020. This shows the change in interface heights as the 
number of low-level sources is increased while keeping the number of high-level sources 
fixed. 
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and an increase in ý2. The gradient of decrease in C, reduces as n increases and, 
at a sufficiently large source distribution ratio, Interface 2 reaches a limiting height 
beneath the ceiling, as seen in figure 8.22c. 
The redistribution of sources within the enclosure, while keeping the total number 
of sources fixed, affects the stratification as shown in figures 8.23c and 8.24c. Ten 
sources at floor level drive a two-layer flow, figure 8.23a, with the height of the 
interface lower than in the case of the five sources shown in figure 8.21a. Moving 
some of the sources up to gallery level, figure 8.23b, results in a relatively sharp 
increase in C1, which decreases in gradient as more sources are moved up, figure 8.23c. 
Interface 2 is initially fixed, determined by the radii of the elevated plumes at the 
ceiling, but at a sufficiently small source distribution ratio reduces in height. The 
trends are similar to those observed with five fixed sources at floor level, however, 
the increase in the height of Interface 1 is much sharper as ý is decreased. 
(a) (b) 
Ll 
M=o 
L, 
hl II 
VI- h2 I 
k2 
10 1 n=10-m 
(c) 
1.0 
0.8 
0.6 
,,, 0.4- 
0.2 
0' 
012345 
ý-' = m/n 
Figure 8.23: Schematics showing the flows driven by (a) n= 10 equal sources at floor 
elevation, k, =0 and no other sources (m = 0), (b) m>0 of the sources moved up to 
an elevation of k2 = H12, giving 0=I and 02 = 11. (c) Steady interface heights in (a) 
and (b), (-) C1, (-) C2, predicted as a function of the inverse source distribution ratio, ý-' = m/n, using (8.70) and (8.73), and taking A*IH2 = 0.020. This shows the change 
in interface heights as the low-level sources are individually moved up to high level. 
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Starting with ten sources at gallery level, figure 8.24a, and moving some of the 
sources down to floor level, figure 8.24b, results in similar trends to those achieved 
with five fixed sources at gallery level. However, the gradient of decrease in C, is 
shallower, figure 8.24c. The height of Interface 2 increases sharply as sources are 
moved down and reaches a fixed height below the ceiling at a sufficiently large source 
distribution ratio. 
(a) (b) 
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Figure 8.24: Schematics showing the flows driven by (a) m= 10 equal sources at an 
elevation of k2 = H12, giving 02 = 11, and no other sources (n = 0), (b) n>0 of the 
sources moved down to floor elevation, kI = 0, giving -0 = 1. (c) Steady interface heights 
in (a) and (b), (-) ý1, (-) ý2, predicted as a function of the source distribution ratio, 
0= m/n, using (8.70) and (8.73), and taking A*/112 = 0.020. This shows the change in 
interface heights as the high-level sources axe individually moved down to low level. 
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Key results for multiple-source model: 
" Excellent agreement obtained between the predicted and observed ýj 
" C2 is underpredicted when C2 <1- b2, ff 
" The maximum C2 is well predicted 
" The maximum C, and minimum C2 occur at 0 
" The minimum C, and maximum C2 occur at oo 
" C, decreases asO increases, with the sharpest gradient in the range 0 :5 7P :51 
" C2 reaches a fixed height below the ceiling asO increases 
" Moving some low-level sources up to high level results in sharper increases in 
C, than increasing m with constant n 
" Moving some high-level sources down to low level results in shallower decreases 
in C, than increasing n with constant m 
0 Q* is independent of ý= n/m 
0 Q* increases as A*1H 2 increases 
8.4 Conclusions 
This chapter has developed analytic mathematical models to describe the flows dri- 
ven by two sources, and multiple sources on two levels, inside a naturally ventilated 
enclosure. 
The height of Interface 1 is well predicted by the two-source models using a 
simplified approach for modelling Plume 2 within Layer 1. The height of Interface 2 
reaches a limit for which an additional model has been developed. The phenomenon 
of Plume I impinging on Interface 2 has a second-order effect on the height of 
Interface 2 and the associated entrainment flux is not well described by available 
theories. Therefore, this has been neglected in the models. The critical Source 2 
elevations and source strength ratios are well predicted and, in general, the models 
describes the experimental data very well. 
The flows driven by four sources on two levels are well predicted by the multiple- 
source models, providing confidence in the theoretical analysis of flows driven by 
multiple sources. 
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Conclusions 
The research described herein has enhanced our understanding of airflows in na, 
turally ventilated auditoria through the use of simplified small-scale physical and 
theoretical models to approximate the flows that are driven at full scale. This ap- 
proach has allowed the governing parameters (both geometric and fluid flow) to be 
identified and their influence on the flow to be assessed, thereby providing insight 
to inform the design of auditoria as well as informing us of the fundamental fluid 
mechanics. 
It has been shown that auditoria are distinct from most other enclosures because 
they locate seating, and thereby receive an input of heat from occupants, at nume- 
rous different elevations. Thus, auditoria present heating conditions that are quite 
unique and have, therefore, required specific study. 
The main aim and all objectives described in chapter 1 (p. 27) have been fulfilled. 
Previous research, relevant to the study of airflows in auditoria, was reviewed and 
the extent of prior knowledge identified. It was shown that full-scale studies have not 
informed or improved understanding of the physical processes governing the flows 
- this is not surprising given they focused in each case on a single geometry. The 
plethora of studies using small-scale models has researched airflows driven by a wide 
variety of heating conditions on a single level, however, few studies have addressed 
scenarios involving sources at different elevations. No prior study has researched 
the airflows driven by localised sources of heat at different elevations, and it was the 
specific aim of the research herein to address this gap in knowledge. In hindsight, 
this was understandable as the full complexity of such a study revealed itself. 
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The scope of the research was thereby defined and a strategy developed for stu- 
dying airflows in naturally ventilated auditoria. A detailed programme of small-scale 
laboratory experiments was executed to identify and quantify the steady flows driven 
by two localised sources of buoyancy within a naturally ventilated model enclosure. 
Experiments were carried out in two distinct enclosures, of equal height but with 
different floor areas, for a broad range of source strength ratios, source elevations 
and opening areas. Three steady flow regimes were identified. The most commonly 
achieved consisted of a layer at ambient density and two buoyant layers, separated 
by horizontal interfaces. The interface heights, layer densities and volume (or ven- 
tilation) flow rates were measured (or inferred) and presented in non-dimensional 
form, thereby making it straightforward for designers, architects or ventilation en- 
gineers to predict stratification depths, air temperatures and flow rates once the 
geometry of the design auditorium has been decided upon. 
Experiments were also carried out using four equal sources - again for a range of 
source elevations, vertical source distributions and opening areas. These experiments 
more closely represented the various occupancy patterns expected in auditoria, but 
also introduced an additional level of complexity to the laboratory and mathematical 
models. In the case of four sources on two levels, the steady flows resembled the 
stratifications driven by two sources. The interface heights were broadly similar to, 
and the densities and flow rates were closely predicted by, the case of two sources at 
different elevations. The steady flows driven by sources at multiple elevations were 
not well predicted by other source distributions. 
The physics of the observed flows were for the first time documented, the key 
results summarised and their implications discussed. The results were further ge- 
neralised through the development of a mathematical model. The model predicts 
the steady interface heights, layer temperatures and airflow rates driven by two 
sources and four equal sources on two levels. The model additionally provided in- 
sight into the most appropriate scalings, as used in the non-dimensionalising of the 
raw measurements, and provides a means of rapidly prototyping the design of full- 
scale auditoria. Whilst the geometry of auditoria, and heat sources were arguably 
too highly simplified, it is abundantly clear that without understanding of this basic 
situation, a true understanding of the full-scale situation would remain elusive. 
Rather than re-iterate the summaries given at the end of each chapter, (eight) 
key findings and outcomes of the research herein are now discussed in the context 
of the design of naturally ventilated auditoria. 
The review of previous research, in chapter 2, has shown that the flow transients 
must be considered in the design of naturally ventilated auditoria. What is of 
greatest interest is the height of the interface separating the ambient and buoyant 
layers. Previous research has shown that the minimum height of this interface may 
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occur before steady airflows axe achieved, however, the flow properties at steady 
state provide good design guidance. Currently all design guidance is based solely on 
the steady state. The experiments described herein have shown that the time taken 
to reach steady state reduces as the exit vent area increases and as the incline of the 
floor, or the gallery height, increases, but is insensitive to the number of occupants. 
Additionally, it has been confirmed that a two-layer stratified flow is established 
when all the occupants axe located on the same level, e. g. sat just above floor level. 
However, a key finding is that 
1) locating a fraction of occupants on a gallery results in a three-layer flow, 
whereas distributing the occupants on a sloping floor results in a temperature gra- 
dient within the buoyant layer. A major accomplishment of the research herein is 
the development and validation of a simplified theoretical model, which means that 
2) a first-order prediction of interface heights, layer temperatures and ventilation 
flow rates is now possible. 
Considering the heights of interfaces, a further key result is that 
3) the interface separating the ambient and buoyant layers is lowest when all the 
occupants are seated just above floor level. 
Therefore, a first-order estimate of the vent areas required to naturally ventilate an 
auditorium seating n occupants is achieved using (2.18) on p. 47, as expressed by 
Linden et al. (1990). Increasing the height of the interface is achieved by increasing 
the effective opening axea of the vents. In agreement with previous research, it has 
been shown that 
4) the heights of all interfaces axe sensitively dependent on the effective opening 
area of the vents and increase as the opening area increases. 
However, it has been found that increasing the slope of the floor, or increasing the 
height of a gallery on which occupants are located, also increases the height of the 
lowest interface, and the maximum height of the lowest interface is achieved when 
it coincides with a gallery. Furthermore, 
5) moving occupants from lower levels to higher levels increases the height of the 
lowest interface. 
In the case of auditoria with galleries, it was also found that the height of the 
upper interface increases as the height of the gallery increases. However, a crucial 
result is that 
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6) the height of the upper interface decreases as the number of occupants on the 
gallery increases. 
The location of occupants, therefore, must be considered from a ventilation pers- 
pective (in addition to a viewing-the-stage perspective) when designing low-energy 
auditoria. This is currently not the case in practice and merely total heat loads are 
considered, for example, in a 'well-mixed' zonal model. 
An environment of outdoor-quality air is achieved for all occupants inside an 
auditorium when the lowest interface is located above the heads of the most elevated 
occupants. However, the ventilation opening areas required to achieve this may be 
unreasonably large and difficult to incorporate into a design. Therefore, second-best 
conditions can be established by locating some occupants within the lower region of 
the buoyant layer, whilst maintaining the height of the upper interface above their 
heads. 
When all the occupants are located at the same elevation, e. g. sat just above 
floor level, the temperature of the buoyant layer is greatest. When occupants are 
located at different elevations, e. g. just above floor level and on a gallery, the 
temperature of the lower region of the buoyant layer is minimised by locating as 
many of the occupants as possible at high level. A key result, therefore, is that 
7) in terms of air quality, it is of interest to locate as many of the occupants as 
possible at high level. 
However, care must be taken to ensure that the occupancy of a gallery, for example, 
does not increase to the extent that the upper interface descends below the level of 
the occupants. The overall temperature of the buoyant layer is reduced by increasing 
the effective opening axea of the vents. Finally, it is of note that 
8) the ventilation flow rate achieved with all occupants sat just above floor level is 
reduced slightly by either moving some occupants onto a gallery or increasing 
the incline of the floor. 
Therefore, the ventilation flow rates per person required by building regulations, 
CIBSE (2005b), are more readily achieved in auditoria where the majority of occu- 
pants are located neax floor level. 
A full description of the airflows and stratifications within ventilated auditoria 
remains some way off. However, it is possible to make a first-order estimate, and 
this is illustrated with a simple case study in appendix D (p. 412). It is encouraging, 
though, that significant inroads can be made through a structured experimental pro- 
gramme, and complementaxy theoretical modelling, despite the inherent difficulties 
arising when tac1ding turbulent stratified flows. 
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9.1 Further work 
Whilst the research herein can be applied to other full-scale auditoria, it also indi- 
cates the need for further work. The results of small-scale modelling are currently 
specific to either two or four sources, whereas full-scale auditoria generally contain 
more than four occupants. The experiments performed with four sources, therefore, 
provide a foundation for further experiments investigating the flows driven by mul- 
tiple sources. Furthermore, the idealisations made by the small-scale models mean 
that the results provide first-order approximations of the flows at fun scale, but 
further work is required to model the airflows in actual auditoria more closely. 
Specific topics requiring further reseaxch of sources at multiple elevations include: 
is IYansient flows and steady-state time scales 
" Time-dependent activation of multiple sources (e. g. occupants entering and 
leaving an auditorium) 
" Time-dependent source strengths and positions (i. e. moving sources) 
" Ventilation openings at multiple elevations (e. g. windows at gallery level) 
" Time-dependent opening of vents (e. g. opening and closing windows) 
" Theoretical modelling of sources at multiple elevations 
" Inclined distributed sources 
Nevertheless, the data recorded through the course of the research herein, to- 
gether with the theoretical model that has been developed, has created a valuable 
data resource for use in future work. Most importantly, it has provided a means of 
predicting, with a level of confidence, airflows within the occupied region(s) and the 
height of the lower interface. It can also be used to inform CFD models, particularly 
with respect to the assignment of boundary conditions. The research represents a 
significant step forward in the ability to predict and understand the flows driven 
by localised sources at different elevations, however, it is concerned mainly with 
the fluid mechanics of buoyancy-driven flows and should not be applied outside 
the limits imposed on the study. For this reason, no further examples of full-scale 
auditoria are given, as further work is required to model other effects specifically. 
Many aspects of this work are currently under investigation in the research group 
of Dr G. R. Hunt. 
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APPENDixA 
Flow rate meter calibration 
This appendix presents the data collected during the calibration of flow rate meters 
described in subsection 3.2.3 on p. 71. 
Figure A. 1 shows the actual flow rates of salt solution through a meter, Qio, 
measured using a graduated measuring cylinder and stopwatch at various flow set- 
tings, plotted against the flow rates displayed by the flow meter, Qf". At a fixed 
source reduced gravity, G'j , the actual flow rate is given by 110 
Qjo = KFQfmj 
where KF is a constant. Figure A. 1 shows Kp for various G, ýO, found by fitting a 
straight line to each plot. 
The results were used to estimate QjO from flow rate meter readings during 
laboratory experiments. 
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(a) Gýo = 38.7 CM/S2 t 
1.0 2.0 3.0 4.0 
Qf. 
(b) Gýo = 46.8 CM/S2 
1.0 2.0 3.0 4.0 
Qf. 
(c) Gýo = 59.4 CM/S2 
1.0 2.0 3.0 4.0 
Qf. 
Flow rate meter calibration 
(d) G'i = 75.7 CM/S2 so 
1.0 2.0 3.0 4.0 
Qfm 
(e) G'jo = 97.0 cm/s 2 
1.0 2.0 3.0 4.0 
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Figure A. 1: Actual flow rate of salt solution through a flow meter, Qjo, Plotted as a 
function of the flow rate displayed by the meter, Qf,.,,. Plots display Kp and fitted lines 
(-) show the equation QjO = KFQf,,, for (a) Gio = 38.7 cm/s', (b) Gio 46.8 cm/s2, 
(c) G'jO = 59.4 cm/s, (d) Gý = 75.7 CM/S2' (e) Gý = 97.0 cm/s2, (f) G' 102.7 CM/S2. 10 10 io 
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Visualisations 
This appendix presents all the visualisations of flows at steady state, from experi- 
ments in Box 1 and Box 2, and includes time series and steady density profiles for 
flows in Box 2. 
Figures B. 2a and b, and figure B. 3bs and b, show the steady flows in Box 1 
driven by two sources at two exit vent areas, respectively, arranged and labelled in 
rows according to the source elevation, 02, and in columns according to the source 
strength ratio, ip. Visualisations for V) =1 are duplicated between subfigures to 
aid the reader in comparing the flows between the subfigures. Figure BA shows the 
steady flows in Box 1 driven by two equal sources 1) at various elevations and 
at three exit vent areas. 
Figures B. 5a to B. 15 show the flows in Box 2. The results are arranged in rows 
according to the source elevation, with subfigures showing the results for different 
exit vent areas. The results are presented in columns according to the type of 
plot or visualisation. Starting from the left-hand side, the first column contains a 
time series plot for each experiment, figure B. 1b, achieved following the procedure 
described in subsection 3.4.3. The plot shows colour-coded vertical density profiles 
for a representative column of data, for every visualisation recorded from the start 
of the experiment to the end, revealing the transient density profiles, as described 
in section 4.5 (p. 103). The vertical axis is scaled on the height of the box and the 
colours correspond to reduced gravities, g, as shown by the colour bar in figure B. 1a, 
revealing regions of approximately uniform density, e. g. Layer 1 and Layer 2. The 
positions of interfaces axe indicated by sharp changes in colour. The time taken 
to reach steady state, t,,, is indicated by the point at which the density profiles, 
i. e. the colours, stop changing. 
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The second column shows a light-attenuation visualisation for each experiment 
at steady state, figure 13.1c. The colour-coding is identical to the time series plot 
and indicates the same flow features. The third column shows a shadowgraph visua- 
lisation of the saine experiment at steady state, revealing flow motions not captured 
using the light-attenuation technique, figure B. 1d. Interfaces are located at the 
boundaries between the dark and light bands separating the layers. In all visuali- 
sations, the left-hand source is Source 1, driving a buoyancy flux of B1. Sources to 
the right of this axe numbered in ascending order. 
The fourth column shows the steady density profile for a representative column 
of data, extracted from the steady light-attenuation visualisation, figure B. le. The 
profile shows the reduced gravity, g'(cm/sl), as a function of height, z1H, as percei- 
ved from the vantage point of the camera in experiments, see subsection 3.4.5. The 
positions of interfaces are shown by solid red lines, and the upper boundaries of the 
parallax bands above the interfaces are shown by dotted lines. 
Figures B. 5a to f present an analysis of the flows driven by two equal sources 
(7P = 1) at six exit vent areas. Figures B. 6a to f show the flows at the same 
conditions, but with the inclusion of a Plume Plate. Figures B. 7a to c and B. 8a 
to c show the flows driven by two sources with strength ratios of '0 =1 and 3, 3 
respectively, at three exit vent areas. Flows driven by the same conditions with a 
Plume Plate axe presented in figures B. 9a to c and B. 10a to c. 
The flows driven by four equal sources on two levels, for two exit vent axeas, are 
A shown in figures B. 11a and b for a source distribution ratio of V) = 1: 3, figures B. 12a 
and b for ý=2: 2, and figures B. 13a and b for ip^ = 3: 1. The flows driven by four 
equal sources at multiple elevations M) are presented in figures B. 14 a to f, for 
six exit vent areas. 
Finally, figure B. 15 shows the flows driven by two sources activated at different 
times, and by equal sources with different absolute strengths. 
The locations of figures corresponding to each source configuration are shown in 
table B. 1. On each page, the fixed paxameters identifying the results are given in a 
rectangular box, on the top--left corner of the page. 
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Contents 
FBox Sources Configuration 1 -1 1 Figure(s) Page 
1 Two Various B. 2a to B. 3b 285 
1 Two Equal BA 289 
2 Two Equal B. 5a to f 290 
2 Two Equal 1 with Plume Plate B. 6a to f 296 
2 Two Unequal 3 B. 7a to c 302 
2 Two Unequal 3 B. 8a to c 305 
2 Two Unequal 1 with Plume Plate 3 B. 9a to c 308 
2 Two Unequal iP =3 with Plume Plate B. 10a to c 311 
2 Four Equal = 1: 3 B. 11a, b 314 
2 Four Equal = 2: 2 B. 12a, b 316 
2 Four Equal = 3: 1 B. 13a, b 318 
2 Four Equal O=M B* 14a to f 320 
2 Two Various B. 15 326 
Table B. 1: Appendix B contents. 
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Figure B. 1: Key to appendix B. (a) Intensity bar showing the reduced gravity, g', indicated 
by each colour on light-attenuation images. (b to c) Sample visualisations for flows in 
Box 2 with 2 sources, a strength ratio of V) = ý', a Source 2 elevation of 02 = ý' and 33 
1 Small exit vent. (b) Time series, with a dotted line showing the time taken to reach 
steady state, t,, Pý- 40 min, and with Layers 1 to 3 labelled. (c) Steady light-attenuation 
visualisation, showing the column of data used to plot the steady density profile, with 
layers and interfaces labelled. The left-hand source is Source 1, supplying a buoyancy flux 
of BI, and the source to the right is Source 2, supplying a buoyancy flux of B2- (d) Steady 
shadowgraph visualisation with sources and interfaces labelled. (e) Steady density profile 
(-) showing the locations of interfaces ( ), with parallax bands labelled. The upper 
boundaries of the bands are indicated by dotted lines. Only the regions in between the 
parallax bands represent the actual reduced gravities within the stratification. 
Time 
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Figure B. 9c: Box 2 with 2 sources, 2 Large exit vents and a Plume Plate. Source 
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Data plots 
This appendix presents plots of all the data recorded at steady state during experi- 
ments in Box 1 and Box 2. 
The symbols used for representing the various flow parameters are shown in 
table C. 1. In all the plots, the colours of data points indicate the exit vent area, 
as shown in table C. 2. The layout of plots is illustrated and explained in detail in 
figure C. 1. 
Figures C. 2a to C-3c plot the interface heights, Ci, driven by two sources, as a 
function of the source elevation, 02. The plots are arranged and labelled in rows 
according to the source strength ratio, 0, and in columns according to the exit vent 
area. Figures C. 2a and b show the results from experiments in Box 1, for seven source 
strength ratios and two exit vent areas. Plots for V) =1 are duplicated between 
the subfigures, to aid the reader in comparing the data between the subfigures. 
Figures C. 3a to c show the results from Box 2, for three source strength ratios and 
six exit vent areas. Experiments at the three highest vent areas were run only 
with equal sources (0 = 1). To aid the reader, a consistent layout of plots is 
maintained by always plotting the data for each source strength ratio in the same 
row, resulting in the of blank space in figure C. 3c. The dimensionless reduced 
gravities of the layers, §j', are plotted in an identical layout in figures C. 4a to C. 5c, 
and the dimensionless flow rates at the exit vents, Qouts in figures C. 6a to C. 7c. 
Figures C. 8a to C. 10b plot the data for Box 1 as a function of source strength 
ratio, 0. The plots are arranged in rows according to the source elevation, 02, and 
in columns according to the exit vent area. Figures C. 8a and b plot the interface 
heights, figures C. 9a and b plot the layer reduced gravities and figures C. 10a and b 
plot the exit flow rates. The colours of data points indicate the exit vent area. 
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Symbol 
1 1 
Flow property 
2 sources and 4 sources on two levels 
x El 
+ 
6 f 91) §11 
912) §2 I 
QOUt I IýOut 
- 
4 sources at multiple elevations 
x 
+ C4 §12 
QOUt) Oout 
Table C. 1: Use of symbols in appendix C. Plots containing one dataset use only crosses and 
stars (x, *, +). In plots containing two datasets, the second is represented by squares (EI) 
and circles (0). 
Figures C. 11 a to C. 12 c plot the data for Box 2 as a function of the effective ope- 
ning area, A*IH'. The plots axe arranged in rows according to the source strength 
ratio, 0, and in columns according to the source elevation, 02. Figures C. 11a to c 
plot the interface heights, figures C. 12a to c plot the layer reduced gravities and 
figures C. 12a to c plot the exit flow rates. In these plots, the colours of data points 
indicate the source elevation, 02, as shown in figure C. 2. 
The interface heights, &, recorded in Box 2, for flows driven by two sources 
with and without a Plume Plate, are compared in figures C. 14a to c. The results 
recorded in Box 2, using the shadowgraph technique with density samples and the 
light-attenuation technique, are compared in figures C. 15a to C. 17c according to 
interface heights, figures C. 15a to c, layer reduced gravities, figures C. 16a to c and 
exit flow rates, figure C. 17a. The results are compared between Box 1 and Box 2 in 
figures C. 18 a to c. 
Figure C. 19 plots the interface heights driven by four sources on two levels in 
Box 2, as a function of the source elevation, 04. The plots are arranged and labelled 
in rows according to the source distribution ratio, and in columns according to 
the exit vent area. The dimensionless reduced gravities of the layers are plotted in 
figure C. 20 and the dimensionless flow rates at the exit vents in figure C. 21. The 
colours of data points indicate the exit vent area. The results are duplicated and 
plotted together with the results from experiments involving two sources, in Box 2, 
in figures C. 22 to C. 24. Absolute layer reduced gravities, g, and exit flow rates, Q. t, 
axe compared between the two sets of experiments in figures C. 25 and C. 26. 
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Parameter Symbol colours, 
Plots with varying Oi or 0 
Exit Vents aout (cm2) Colour One dataset Two datasets 
1 Small 7.06 Black (x * +) (x * +) (ID G)) 
1 Large 19.63 Blue (x * +) (x * +) (ED (D) 
2 Large 39.27 Red (x +) (x +) PQ 
3 Large 58.90 Green (x +) (x +) P (D) 
4 Large 78.54 Cyan (x +) (x +) (E] G)) 
8 Large 157.08 Magenta (x +) (X +) P 0) 
Plots with varying A*/112 
Source elevation Colour One dataset Two datasets 
0 Black (x * +) (x * +) (ID (D) 
i Oi 
6 Blue (x * +) (x * +) (E) (D) 
Oi =i 3 Red (x * +) (x * +) (E] G)) 
Oi =1 2 Green (x * +) (x * +) P G)) 
Oi =2 3 Cyan (X * +) (x * +) P (D) 
6 Magenta (x * +) 
1 
(x * +) 
Table C. 2: Use of colours in appendix C. To aid the reader in quickly identifying plots 
with varying Oi or 0, the colour of symbols on a plot indicates the exit vent area. In plots 
2 with varying A*1H , the colours indicate the source elevation, 02 or 04, If a plot contains 
only one dataset, the colour of all the points is the same. If a plot contains two datasets, 
the colour of the first is black and the colour of the second is the indicator. This improves 
the visibility of crosses (x, *, +) on plots where squares (0) and circles (G) are also used. 
Figures C. 27a to C. 29b plot the data for four sources on two levels as a function 
of source distribution ratio, ý. The plots are arranged in rows according to the 
source elevation, 04, and in columns according to the exit vent area. Figures C. 27a 
and b plot the interface heights, figures C. 28a and b plot the layer reduced gravities 
and figures C. 29a and b plot the exit flow rates. The colours of data points indicate 
the exit vent axea. The results are compared with the results from experiments 
involving two sources in figures C. 30a to C. 32b. 
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Finally, the data for flows in Box 2, driven by four equal sources at multiple 
elevations, is plotted in figures C-33a to C. 37. The plots are arranged in rows to 
show, in order, the results for interface heights, layer reduced gravities and exit 
flow rates. Figures C. 33a to c plot the data as a function of the source elevation, 
04, in columns according to the exit vent area, as indicated by the colours of the 
data points. Figures C. 34a to c plot the data as a function of the effective opening 
area, A*IH2, in columns according to the source elevation, 04, also indicated by the 
colours of the data points. The results are duplicated and plotted together with the 
results from experiments involving two sources, in figures C. 35a to C. 35c, and from 
experiments involving four equal sources on two levels, in figure C-37. 
The locations of figures corresponding to each group of plots are shown in 
tables C. 3 and CA. On each page, the fixed paxameters identifying the results 
are given in a rectangular box, on the top-left corner of the page. 
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Contents - Part I 
Box Sources Plot Figure(s) 
I 
Page 
2 sources 
1 Two & VS 02 C. 2a, b 334 
2 Two ýi VS 02 C. 3a to c 336 
1 Two §i' VS 02 C. 4a, b 339 
2 Two ýj' VS 02 C. 5a to c 341 
1 Two 0out VS 02 C. 6a, b 344 
2 Two (Lt VS 02 C. 7a to c 346 
1 Two & vs ?p C. 8a, b 349 
1 Two §i' VS'O C. 9a, b 351 
1 Two e2out VS V) C. 10a, b 353 
2 Two & vs A*/112 C. 11a to c 355 
2 Two 
.i vs 
A*/112 iV C. 12a to c 358 
2 Two C2out vs A*/112 C. 13a to c 361 
2 Two (PP) VS 02 C. 14a to c 364 
2 Two (Tech) VS 02 C. 15a to c 367 
2 Two (Tech) §is' VS 02 C. 16a to c 370 
2 Two (Tech) C2mt VS 02 C. 17a to c 373 
1&2 Two VS 02 C. 18a 376 
1&2 Two §i VS 02 C. 18b 377 
1&2 Two Oout VS 02 C. 18c 378 
Table C. 3: Appendix C contents for 2 sources. Abbreviations indicate (PP) plots of results 
for experiments involving a Plume Plate and (Tech) plots of results obtained using both 
the shadowgraph and light-attenuation techniques. 
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Contents Part - 11 
Box Sources Plot Figure Page 
4 equal sources on two levels 
2 Four & VS 04 C. 19 379 
2 Four ýj' VS 04 C. 20 380 
2 Four ýout VS 04 C. 21 381 
2 Four & Two VS 04 or 02 C. 22 382 
2 Four & Two §j VS 04 or 02 C. 23 383 
2 Four & Two 
Qout 
VS 04 or 02 C. 24 384 
2 Four & Two 9%ý VS 04 or 02 C. 25 385 
2 Four & Two Qaut VS 04 or 02 C. 26 386 
2 Four & vs C. 27a, b 387 
2 Four gif vs C. 28a, b 389 
2 Four QOUt VS ? P^ C. 29a, b 391 
2 Four & Two & vs or C. 30a, b 393 
2 Four & Two §j' vs or C. 31a, b 395 
2 Four& Two I Qout vs ý or V) C. 32a, b 397 
4 equal sources at multiple elevations 
2 Four &I §i7 Oout VS 04 C. 33a to c 399 
2 Four Ci, §j', Q. t vs A*1H 2 C. 34a to c 402 
2 Four & Two Ci, §j', Oout vs 04 or 02 C. 35a to c 405 
2 Four & Two Q,, t vs 
A*/112 C. 36a to c 408 
2 Four* ci) §j) Qout VS 04 C. 37 411 
Table CA: Appendix C contents for 4 sources. *4 sources at multiple elevations and 
4 sources on two levels. 
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Figure CA: Key to appendix C using data plots from experiments in Box 2 as examples. 
(a) Steady layer reduced gravities, (x) §,, (+) §2, driven in Box 2 by 2 sources with a 
strength ratio of 0=1, plotted as a function of Source 2 elevation, 02. The red colour 3 
indicates that the exit opening consisted of 2 Large vents. (b) Steady interface heights, 
(X) 67 (*) 6,31 (+) C4, driven by 4 equal sources at multiple elevations (ý = M), plotted 
as a function of Source 4 elevation, 04. Black data points indicate 1 Small exit vent. 
(c) Dataset of steady interface heights, (x) C1, (+) C2, driven by 4 equal sources on two 
levels, with a distribution ratio of ý=2: 2, as a function of Source 4 elevation, 04. Also 
plotted is a second dataset of steady interface heights, (EI) C1, ((D) C2, driven by 2 equal 
sources (0 = 1) plotted as a function of Source 2 elevation, 02. Black and blue data points 
together indicate 1 Large exit vent. 
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Figure C. 2a: Box 1 with 2 sources. Steady interface heights, (x) ý1, (+) t2, plotted as a 
function of Source 2 elevation, 02, as measured using the shadowgraph technique for source 
strength ratios of ip = (1,1,1,1). (i to iv) 1 Small exit vent and (v to viii) 1 Laxge 424 
exit vent. 
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Figure C. 2b: Box 1 with 2 sources. Steady interface heights, (x) ý1, (+) C2, plotted as a 
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strength ratios of ip = (1,1,2,4). (i to iv) 1 Small exit vent and (v to viii) 1 Large exit 3 
vent. 
1.0 
0.8 
4A'J'- 0.6 
0 
0 
0.4 
0.2 
0.2 
1.0- 
0.8- 
0.6 
0.4 - 
335 
appendix C 
Box 2 
ai,, = 573.34 cm2 
ýi VS 02 
0= 1- --+ 
V) =3 --+ 
-r 
0.2 
0.6 
, u, 0.4 
0.8 
1.0 
0 
1.0 
0.8 
0.6 
0.4 
0.2 
41 
a 0 
1.0 
0.8 
400 0.6 
-r 
U'ýp 0.4 
1 
0.21 
0 
0 
1 Small exit vent 
a,,,, t = 7.06 CM2 
I 
W 
+ 
" "+" "±" 
+ 
x 
0.2 
+ 
x 
0.2 
xx xx 
0.4 0.6 0.8 
(ii) 
4- +. + 
)( x )( x 
0.6 
(iii) 
0.4 0.8 
ý 
"1-. 
x x 
)( <x 
0.2 0.4 0.6 0.8 
02 
1.0 
0.8 
-r 
0.6 
0.4 
0.2 
w 
0 
1.0 0 
1.0 
0.8 
0.6 
OA 
0.2 
0 
1.0 0 
1.0 
0.8 
-r 
0.6 
0.4 
0.2 
0 
1.0 0 
(iv) 
1 Large exit vent 
19.63 CM2 
I 
+ 
+ 
Data plots 
"+" "1-" 
xXx 
0.2 0.4 0.6 
+ 
x 
(v) 
0.8 
+" +" 
xXX 
0.8 0.2 0.4 0.6 
(vi) 
+. 
+. 
x 
0.2 
xXXX 
0.4 0.6 
02 
0.8 
1.0 
1.0 
1.0 
Figure C. 3a: Box 2 with 2 sources. Steady interface heights, (X) ý1, (+) ý2, plotted as a 
function of Source 2 elevation, 02, as measured using the light-attenuation technique for 
source strength ratios of ip 1,3). (i to iii) 1 Small exit vent and (iv to vi) 1 Large 
exit vent. 
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Figure C. 3b: Box 2 with 2 sources. Steady interface heights, (x) ý1, (+) C2, plotted as a 
function of Source 2 elevation, 02, as measured using the light-attenuation technique for 
source strength ratios of V; 1,3). (i to iii) 2 Large exit vents and (iv) 3 Large exit 
vents. 
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Figure C. 4b: Box 1 with 2 sources. Steady layer reduced gravities, (x) §,, (+) §2, plotted 
as a function of Source 2 elevation, 02, as measured using a density meter for source 
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Figure C. 5a: Box 2 with 2 sources. Steady layer reduced gravities, (x) §',, (+) §2, plotted 
as a function of Source 2 elevation, 02, as measured using the light-attenuation technique 
for source strength ratios of (1,1,3). (i to iii) 1 Small exit vent and (iv to vi) 1 Laxge 3 
exit vent. 
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Figure C. 6b: Box 1 with 2 sources. Steady exit flow rates, (X) ý"t, plotted as a function 
of Source 2 elevation, 02, as inferred from density meter measurements for source strength 
ratios of (1,4 , 2,4). (i to iv) 1 Small exit vent and (v to viii) 1 Large exit vent. 
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Figure C. 7a: Box 2 with 2 sources. Steady exit flow rates, (x) ý t, plotted as a function of 
Source 2 elevation, 02, as inferred using the light-attenuation technique for source strength 
ratios of 0= (1,1,3). (i to iii) 1 Small exit vent and (iv to vi) 1 Large exit vent. 3 
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Figure C. 7c: Box 2 with 2 sources. Steady exit flow rates, (x) ý, "'t, plotted as a function 
of Source 2 elevation, 02, as inferred using the light-attenuation technique for a source 
strength ratio of 0=1. (i) 4 Large exit vents and (ii) 8 Large exit vents. 
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(+) C2, as measured using the light-attenuation technique, plotted as a function of Source 2 
elevation, 02, for source strength ratios of (1,1,3). (i to iii) 2 Large exit vents and 3 
(iv) 3 Large exit vents. 
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Figure C. 15c: Compaxison of visualisation techniques in Box 2 with 2 sources. Steady 
interface heights, (0) C1, (0) C2, as measured using the shadowgraph technique and (x) C1, 
(+) C2, as measured using the light-attenuation technique, plotted as a function of Source 2 
elevation, 02, for a source strength ratio of 1. (i) 4 Large exit vents and (ii) 8 Large 
exit vents. 
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Figure C. 16a: Comparison of visualisation techniques in Box 2 with 2 sources. Steady 
layer reduced gravities, (EI) §'j, ((D) §2, as measured using a density meter and (x) §j, 
(+) §2, as measured using the light-attenuation technique, plotted as a function of Source 
2 elevation, 02, for source strength ratios of ip 1,3). (i to iii) 1 Small exit vent and 
(iv to vi) 1 Large exit vent. 
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Figure C. 16b: Comparison of visualisation techniques in Box 2 with 2 sources. Steady 
layer reduced gravities, (ED) §'j, (G) §2, as measured using a density meter and (x) §'j, 
(+) §', as measured using the light-attenuation technique, plotted as a function of Source 2 
2 elevation, 02, for source strength ratios of QIj, 1,3). (i to iii) 2 Large exit vents 
and (iv) 3 Large exit vents. 
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Figure C. 16c. Compaxison of visualisation techniques in Box 2 with 2 sources. Steady 
layer reduced gravities, (EI) bl, ((D) 9'2, as measured using a density meter and (x) §'is 
(+) §2, as measured using the light-attenuation technique, plotted as a function of Source 
2 elevation, 02, for a source strength ratio of V) = 1. (i) 4 Large exit vents and (ii) 8 Large 
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Figure C. 17a: Comparison of visualisation techniques in Box 2 with 2 sources. Steady exit 
flow rates, (ID) Cý,,,, t, as inferred from density meter measurements and (x) 0 ... t, as inferred 
using the light-attenuation technique, plotted as a function of Source 2 elevation, 02, for 
source strength ratios of (1,1,3). (i to iii) 1 Small exit vent and (iv to vi) 1 Large 3 
exit vent. 
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Figure CAM Comparison of visualisation techniques in Box 2 with 2 sources. Steady 
exit flow rates, (0) Q. t, as inferred from density meter measurements and (x) 
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t, as 
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Figure C. 17b: Comparison of visualisation techniques in Box 2 with 2 sources. SteadY 
exit flow rates, (EI) Q,,,, t, as inferred froin density ineter measurements and (X) Q,,,,,,, as 
inferred using the light-attenuation technique, plotted as a function of Source 2 clevation. 
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Figure C. 17c: Comparison of visualisation techniques in Box 2 with 2 sources. Stcady 
exit flow rates, (0) as inferred froin density ineter inewsurements alld (x) Q01,11 as 
inferred using the light-attenuation technique, plotted as a function of Source 2 elevation. 
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Figure C. 18a: Comparison of flows in Box I and Box 2 driven by 2 equal sources (V, = 1). 
Steady interface heights in Box 1, (EI) fi, (0) 61 as measured using the shadowgraph 
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Figure C. 18b: Comparison of flows in Box I and Box 2 driven by 2 equal sources (ý' ý I). 
Steady layer reduced gravities in Box 1, (L-1) ýI, ((D) ý2', as measured using fluid samples 
and in Box 2, (X) ý,, (+) §2, as measured using the light-attenuation technique. Data, 
plotted as a function of Source 2 elevation, (P2, with (i) I Small exit vent and (ii) I Large 
exit vent. 
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Figure C. 18c: Comparison of flows in Box I and Box 2 driven by 2 equal sources (V) ý I). 
Steady exit flow rates in Box 1, (EI) Q,, t, as inferred from density ineter measurements 
and in Box 2. (x) as inferred using the light-attenuation technique. Data plotted as 
a function of Source 2 elevation, 02, with (i) I Small exit vent and (ii) 1 Large exit vent. 
378 
appendix C 
4x Two level 
ai,, = 573.34 cm 2 
ýi VS 04 
ý=1: 3 - 
ý=2: 2 - 
ý=3: 1 - 
0 
1.0 
0.8 
0.6 
,,, 0.4 
0.2 
0 
0 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
0 
1.0 
0.8 
0.6 
0.4 
0.2 
Data plots 
1 Small exit vent 
a,,,, t = 7.06 cm 2 
i 
+ 
x 
(i) 
+ 
+ 
+ 
x x 
0.2 0.4 0.6 0.8 1.0 
(ii) 
+ 
x 
+ 
x 
+ 
xx x 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
0 
I Large exit vent 
t, - 19.6 3cm2 
i 
x 
x 
I 
(iv) 
+ 
x >< 
0.2 0.4 0.6 0.8 
(71) 
1.0 
0.8 
0.6 
0.4 
0.2 
I 
1.0 
01 
0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 
(iiz) 
+ 
+ 
xxxx 
0.2 0.4 0.6 0.8 1.0 
04 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
xxx 
(vil) 
--T-+ 
x )< x 
0.2 0.4 0.6 0.8 
04 
1.0 
Figure C. 19: Box 2 with 4 equal sources on two levels. Steady interface heights, (x) 
ý1, (+) ý2, plotted as a function of Source 4 elevation, 04, as measured tising the light- 
attenuation technique for source distribution ratios of (1: 3,2: 2,3: 1). (i to iii) I Small 
exit vent and (iv to vi) 1 Large exit vent. 
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Figure C. 21: Box 2 with 4 equal sources on two levels. Steady exit flow rates, (x) Qmd, 
plotted as a function of Source 4 elevation, (P, I, Ls inferred using the light. -attenuation 
technique for source distribution ratios of (1: 3,2: 2,3: 1). (i to iii) I Small exit, ve"t, 
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Figure C. 22: Comparison of flows in Box 2 driven by 2 sources and by I e(jilal S01ITCes 
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Data measured using the light-attenuation technique with (i to iii) I Small exit vent, and 
(iv to vi) I Large exit vent. 
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Figure C. 23: Comparison of flows in Box 2 driven by 2 sources and by 4 equal sources on 
two levels. Steady layer reduced gravities, (EI) ý1, (0) ý2', driven by 2 sources, plotted as 
a function of Source 2 elevation, 02, for source strength ratios of V, = (ý', 1,3). Steady 3 
yer reduced gravities, (X) driven Iýy 4 equal sources on two levels, plotted iLs la 12 
a function of Source 4 elevation, 04, for source distribution ratios of V) = (1: 3,2: 2,3: 1). 
Data measured using the light-attenuation technique with (i to iii) 1 Small exit vent and 
(iv to vi) 1 Large exit vent. 
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Figure C. 24: Compaxison of flows in Box 2 driven by 2 sources and by 4 equal sources 
on two levels. Steady exit flow rates, (0) Qojjtý driven by 2 sources, plotted as a function 
of Source 2 elevation, 02, for source strength ratios of V) = (1,1, : 1). Steady exit flow 3 
rates. (x) driven by 4 equal sources on two levels, plotted as a ffinction of Source 4 
elevation, 0,1, for source distribution ratios of V) = (1: 3,2: 2,3: 1). Data inferred using dic 
light-attenuation technique with (i to iii) 1 Small exit vent and (iv to vi) 1 Large exit 
vent. 
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Figure C. 25: Comparison of flows in Box 2 driven by 2 sources and by 4 equal sources on 
two levels. Absolute steady layer reduced gravities, (EI) gi, ((-)) y2', driven by 2 sources, 
plotted as a function of Source 2 elevation, 02, for source strength ratios of 1,3). 
Absolute steady layer reduced gravities, (x) g,, (+) g', driven by 4 equal sources oil 2 
two levels, plotted as a function of Source 4 elevation, 0,1, for source distribution ra- 
tios of ý= (1: 3,2: 2,3: 1). Data measured using the light-attenuation techniquc with 
(i to iii) 1 Small exit vent and (iv to vi) 1 Large exit vent. 
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Figure C. 26: Comparison of flows in Box 2 driven by 2 sources and Iýy 4 equal sources on 
two levels. Absolute steady exit flow rates, (EI) Q,,,,,, driven by 2 sources, plotted 'Ls a 
function of Source 2 elevation, 02, for source strength ratios of 1,3). Absolute 
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(iv to vi) 1 Large exit vent. 
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Figure C. 27a: Box 2 with 4 equal sources on two levels. Steady interface heights, (X) ý1, 
(+) ý2, plotted as a function of source distribution ratio, Vý, m measured using the light- 
attenuation technique for Source 4 elevations Of 04 A ; 
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Figure C. 28b: Box 2 with 4 equal sources on two levels. Steady laýyer redliced gravities, 
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Figure C. 29a: Box 2 with 4 equal sources on two levels. Steady exit flow rates, (x) Q. t, 
plotted as a function of source distribution ratio, as inferred using the light-attenuation 
technique for Source 4 elevations of 04 = (0,1). (i to zii) 1 Sinall exit vent and 63 
(iv to vi) I Large exit vent. 
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Figure C. 30a: Comparison of flows in Box 2 driven by 2 sources and by 4 equal sources 
on two levels. Steady interface heights, (D) ýjj ((D) ý2, driven by 2 sources, plotted 'Is a 
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Figure C. 30b: Comparison of flows in Box 2 driven by 2 sources and by 4 equal sources 
on two levels. Steady interface heights, (0) 61 (0) ý2, driven Iýy 2 sources, plotted as 
a function of source strength ratio, V), for Source 2 elevations of (ý'2 = (1,2-). Steady 2 :1 
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Figure C. 31a: Comparison of flows in Box 2 driven by 2 sources and by 4 equal sources 
on two levels. Steady layer reduced gravities, (EI) ýI, ((ý)) ý2', driven by 2 sources, plotted 12 
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Figure C. 31b: Comparison of flows in Box 2 driven by 2 sources and by 4 equal sources 
on two levels. Steady layer reduced gravities, (EI) (0) §2, driven by 2 sources, plotted 
as a function of source strength ratio, 0, for Source 2 elevations of (P2 -2). Steady 23 
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Figure C. 32a: Comparison of flows in Box 2 driven by 2 sources and by 4 equal sources on 
two levels. Steady exit flow rates, (EI) driven by 2 sources, plotted Ls a function of 
source strength ratio, ýb, for Source 2 elevations of 4)2 = (0, j1;, -A). Steady exit flow rates, 
(x) driven by 4 sources, plotted as a function of source distribution ratio, Vý, for 
Source 4 elevations Of (04 A 1,1). Data inferred using the. light-attenuation techni(jue 63 
with (i to iii) I Small exit vent and (iv to vi) 1 Large exit vent. 
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Figure C. 32b: Comparison of flows in Box 2 driven by 2 sources and by 4 equal sources 
on two levels. Steady exit flow rates, (EI) driven by 2 sotirces, plotted LS a function 
2). Steady exit flow rates, of source strength ratio, V), for Source 2 elevations Of 02 ý (12 ý3 
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with (i to ii) I Small exit vent and (iii to iv) 1 Large exit vent. 
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Figure C. 33a: Box 2 with 4 equal sources at multiple elevations (ý = M). (i, iv) 
Steady interface heights, (X) ý17 (*) ý2,3, M ý, I. (ii, i,, ) Steady layer reduced gravities, 
(x) (iii, vi) Steady exit flow rates, (x) Data plotted w,; a flitictioll of 
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Figure C. 33b: Box 2 with 4 equal sources at multiple elevations (ý = M). (i, iv) Steady 
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(iii, vi) Steady exit flow rates, (x) Q,,, t. Data plotted as a function of Source 4 elevation, 
04, as measured or inferred using the light-attenuation technique with (i to iii) 2 Large 
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Figure C. 34c: Box 2 with 4 equal sources at multiple elevations (ý = M). (i, iv) Steady 
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Figure C. 35a: Compaxison of flows in Box 2 driven by 2 equaj sources (V) = 1) alid by 
4 equal sources at multiple elevations = M). (i, iv) Steady interface heights, (EI) ý1, 
(0) 6, driven by 2 sources and, 0ý) 6 6,3 7M6, 
driven by 4 sources. (ii, v) Steady 
layer reduced gravities, (EI) g-1, (0) §', driven by 2 sources and (x) ý', (+) -/, driven by 21 94 
4 sources. (iii, vi) Steady exit flow rates, (0) driven by 2 sources and (X) Q,,,,,,, 
driven by 4 sources. Data plotted as a function of Source 2 elevation, 02, in the case ()f 
2 sources and as a function of Source 4 elevation, 04, in the case of 4 sources, as measured 
or inferred using the light-attenuation technique with (i to iii) I Small exit vent and 
(iv to vi) 1 Large exit vent. 
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Figure C. 35b: Comparison of flows in Box 2 driven by 2 equal sourc(-, (V) = 1) and by 
4 equal sources at multiple elevations (ý = M). (i, iv) Steady interface heiglits, (EI) ý1, 
(0) b, driven by 2 sources and, (X) 67 (+) ý4, driven by 4 sources. (ii, v) Steady 
layer reduced gravities, (EI) ý', (0) -1, driven by 2 sources and (x) ý', (+) ý', driven by 1 92 14 
4 sources. (iii. vi) Steady exit flow rates, (0) driven by 2 sources and (x) Q,, t, 
driven by 4 sources. Data plotted as a function of Source 2 elevation, 02, in the case of 
2 sources and as a function of Source 4 elevation, 04, in the case of 4 sources, as ineasured 
or inferred using the light-attenuation technique with (i to iii) 2 Large exit vents and 
(iv to vi) 3 Large exit vents. 
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Figure C. 35c: Comparison of flows in Box 2 driven by 2 equal sources (V) = 1) and by 
4 equal sources at, multiple elevations M). (i, iv) Steady interface heights, (EI) ý1' 
(0) C2, driven by 2 sources and, (x) (+) ý4, driven by 4 sources. (ii, v) Steady 
layer reduced gravities, (EI) §'j, (0) §2, driven by 2 sources and (x) ý',, (+) ý4', driven 
by 4 sources. (iii, vi) Steady exit flow rates, (EI) Q,,, t, driven by 2 sources and (x) Q,,, t, 
driven by 4 sources. Data plotted as a function of Source 2 elevation, 02, in the Case Of 
2 sources and as a function of Source 4 elevation, 04, in the case of 4 sources, as measured 
or inferred using the light-attenuation technique with (i to iii) 4 Large exit vents and 
(iv to vi) 8 Large exit vents. 
407 
appendix C 
2x, 4xMultilevel 
a,,, = 573.34 cm 2 
ýj, jfl ýOut vs A*/H2 
ýi --4 
02,04-0 
1 
(i) 
EI 
x 
0 
0 
0.8 
, 50.6 
1,0.4 
0.2 
EI [a 
x 
0 
x 
0.05 0.10 
(ii) 
- 
'IT 
14 
12 
I IZI, 10 
- 8 
6 
4 
2 
t0 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
Data plots 
1 02,04 ý 6_ 
I 
(iv) 
Ei 
EI 
x 
0.05 0.10 0.15 0 
0 
0 0.05 0.10 
(iii) 
Qout 
1.4 
1.2 
1.0 
0.8 
0.6 
0.4 
0.2 ý ig 6 
0 
0 
EI 
Ei EI 
0.05 0.10 
A*1H 2 
0.15 
>4 
14 
12 
10 
8 
6 
4 
2 
0 
0 
1.4 
1.2 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
0.15 0 
0.05 0.10 
Oli) 
0.05 0.10 
A*1H' 
0.15 
0.15 
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Figure C. 36b: Comparison of flows in Box 2 driven by 2 equal sources (7P = 1) alid Iýy 
4 equal sources at multiple elevations = M). (i, iv) Steady interface heights, (R) ý1, 
(G)) ý2, driven by 2 sources and, (x) ý1, ý2,3i (+) ý4, driven by 4 sources. (ii, v) Steady 
ell y layer reduced gravities, (0) ý,, ((D) 
. 
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4 sources. (iii, 74) Steady exit flow rates, (EI) Q,, t, driven by 2 sources and (x) 
driven by 4 sources. Data plotted a-, a function of effective. opening area, A*IH2, as 
measured or inferred using the light-attenuation technique for Source 2 elevations of 
(i to iii) k52i 04) ý1 and (iv to vi) (02,04) ý1 3 2' 
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Figure C. 37: Comparison of flows in Box 2 driven by 4 equal sources evenly distributed ou 
two levels (V, = 2: 2) and by 4 equal sources at multiple elevations M). (i, iv) Steady 
interface heights, (EI) ý17 (G)) ý2, driven by sources on two levels and, (X) ý1, (*) ý2,3i 
ý4, driven by sources at multiple elevations. (ii, v) Steady layer reduced gravities, 
ýIý ((ý)) ý2', driven by sources on two levels and (x) (+) §4, driven by sources at 
multiple elevations. (iii, vi) Steady exit flow rates, (EI) driven by sources on two 
levels and (x) Q,, t. driven by sources at multiple elevations. Data plotted as a function 
of Source 4 elevation. 04, as measured or inferred using the light-attenuation technique 
with (i to iii) 1 Small exit vent and (iv to vi) 1 Large exit vent. 
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Case study 
Whilst there are nuinerous possible examples one could choose to further illustrate 
the results of chapter 9 (p. 268), one example of an auditorium in a place of worship 
is provided below as a short case study. The reasons for selecting this particular 
auditorium were two-fold: (1) it is an example of a high-ceiling, open-plan audito- 
rium in which there are multiple heat inputs, and (2) the author had unrestricted 
access to the site. This short case study aids in emphasising and bringing together 
in conclusion the above key findings of this work. illustrates how the theoretical 
model may be applied, and highlights some of the limitations of the model. 
The church of All Souls. Langham Place is located approximately 250 in north of 
Oxford Circus in London, UK. Designed bv John Nash, the church interior consists of 
a rectangular floor plan with approximate dimensions 26.2 in length x 23.0 in width 
and a maximum floor-to-ceiling height of approximately 10.5 in. Photographs of 
the interior are shown in figure DA and a cross-section is shown scheinaticall 'v 
in 
figure D. 2. looking towards the front. Entry into the church is from the rear and 
chairs are aligned in rows at floor level in the rear two-thirds of the church. Seating 
is also situated on three galleries supported by columns, whose undersides are 2.8 in 
above the floor. The first gallery is located at the rear of the church. protrudes 3.2 ill 
from the rear wall and spans the width of the floor. The second and third galleries 
protrude 5.1 in from the left-hand and right-hand walls (from the viewpoint of the 
entrance), respectively., and span the length of the church. Seating is located at five 
levels on the galleries. ranging from 3.2 in to 4.4 in above floor level. 
The seating layout in All Souls church is such that. when all the occupants are 
standing. the church interior contains two zones within which occupants are located. 
Tli(, 1()wer zotic exteii(k froin the floor to approximately 2.0 in above floor levelý the 
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(a) 
I -- "S 
Figure D. I: Photographs shoNviii. - tile interior of'All Souls church. Langliam Place. lookin-, 
towards (o) thc front and (b) thc rcar. The clitralict, doors arc "'cell oil tIlc lower right-ImIld 
si(lc of (b). 
ti-()111 ýIppi-()xiiiiatelv : 1.2 111 to 6.4 111 above floor level, fi, 111re D. 2- 
It is desirable. therefore. to maximise the air quality within these zoiles. 
At present, ventilation is achieved by air inflowing through twelve squilre windows 
with sides of length 0.7 in, located 1.1 in above floor level, and outflowing through 
twelve circular vents in the ceiling, each of approximately 0.4 in diameter. Twelvc 
identical windows are also located above the galleries, at a height of 5.9 in above floor 
level. although the direction of airflow through these is not known. The windows 
are opened by tilting inwards,, each providing an opening area of approxiinatelY 
0.49 in'. Additional ventilation is provided by opening the entrance doors, which 
have dimensions 1.5 in width x 2.7 in height,, giving an opening area of 4.05 111 2. 
By shutting the windows above the galleries (to drive a displacement flow between 
the floor and ceiling) and taking a discharge coefficient of ci, = c"t = 0.6, the 
effective opening area of the entry vents is Ai*, n = 
8.43 ni 2 and of the exit vents is 
, 4* t=1.28 in 
2. By approximating the entry vents as being located at floor level OU 
and assuming no other air exchanges between the interior and exterior, the effective 
2 
ventilation opening area of All Souls church is, at present, A*1H = 0.0115. 
During most services the church is full, with approximately 500 people siit jlis't 
above floor level and 400 sat on the galleries. This occupancy configuration is 
best approximated by area sources, because occupants are sufficiently close for their 
plumes to interact. Ho,, vever. there are occasions during which the clitirch is inon 
sparsely populated and the occupants can be modelled a's points, for example. ;I 
prayer gathering of 100 people. It is during occupancy configurations such as this 
Case stu(ýy 
(h) 
. 
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Figure D. 2: Schematic showing a cross-section of All Souls church, looking towards the 
front as 6ewed from the rear entrance. Key dimensions are labelled and the direction of 
flow through vents is indicated by arrows. Coloured bands indicate the lower and upper 
occupied zones. 
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Figure D. 3: Schematic showing ail idealised cross-section of All Souls church, looking 
toward. s the front as dewed froin the rear entrance, and a thr(-v-layer flow driven by n 
equal sources on the floor (kl = 0) and 77-1 identical sources at an elevation of k2 = 3.8 in. 
The height of the model enclosure is equal to the highest point of the ceiling in figure D. 2, 
or V gi 
ing H= 10.5 in. 
that the model developed in section 8.3 (p. 255) can be used to approximate the 
flows. 
Galler-N 
I 
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The geometry of the church can be approximated bv a cuboid enclosure with a 
floor area of Sb,,, = 602.6 m2 and a height of H= 10.5 m. Occupants seated just 
above the floor can be modelled as point sources of heat of equal strengths located oil 
the floor of the church, giving ki =0m. This is appropriate provided the occupants 
are distributed such that their plumes do not interact. and they do not occupy more 
than 15'7-c of the floor area of the church. Hunt et al. (2002). Taking the plan area of 
a single seated occupant to be approximately 0.4 m2 , the model is appropriate for 
up to 240 occupants sat just above the floor. occupants seated on the galleries can 
be approximated by identical point sources located at the mid-height of the gallery, 
giving k2 = 3.8 m. figure D. 3. 
For a source distribution of u= 50: 50 = 1. i. e. 50 sources at floor level and 50 
at gallery level. key result I of the research herein tells us that a three-layer flow 
is driven inside tile church. Furthermore. the theoretical model, i. e. key result 2, 
provides us with a first-order prediction of the steady interface heights from (8.73) oil 
p. 260. For the present ventilation conditions. these are hl = 1.18 m and h2 = 9.56 In. 
While the height of the upper interface is well above the upper occupied zone, the 
lower interface height is within the lower occupied zone and all the occupants would 
inhale the polluted air from the middle layer. Assuming a power output of 100 W per 
person. Hunt &-- Linden (1998), the buoyancy flux of each source is B Zzý 0.0028 in 4 Is 3, 
Linden (1999). The temperature of the middle layer, predicted by (5.2) on p. 113 
(assuming an ideal gas. see (2.2) oil p. 33). is then approximately 4.0 'C above the 
temperature of the ambient air. On days when the external temperature is above 
17 'C. therefore. the internal air becomes potentially uncomfortably warm for tile 
occupants. i. e. the temperature exceeds 21 'C. The volume flux of air at the exit 
vents. predicted by (5.1) oil p. 113. is Q,,, t -zý 0.83 m 3/S. which is equivalent to 16.6 I/s 
per person. This meets the basic ventilation rate of 8 Ils per person required by 
building guidelines. CIBSE (2005b), but does not provide fresh, outdoor-quality air 
as required since the occupants are located within the polluted middle layer. These 
quantitative insights into the flows are. for the first time, made possible analytically 
by applying the theoretical model developed in chapter 8. 
To maxinilse the air quality for the occupants sat just above floor level, and 
satisfy building guidelines, it is necessary to ensure that the lower interface is loca- 
ted above the occupied zone. This is achieved with a minimum interface height of 
h, = 2.00 m. We know uniquely from key result 3 that the interface is lowest when 
all the occupants are located at low level. therefore, the ventilation system should 
be designed to match, or exceed. the minimum interface height at this occupant dis- 
tribution. Wall 100 occupants inside the church a range of occupancy distributions 
is possible. however. from experience the number of occupants on the galleries does 
not generally exceed the number of occupants near the floor. Therefore, the lower 
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interface must be at, or above. the minimum height for occupancy distributions in 
the range 50: 50 < t. - !ý 100: 0. i. e. L, > 1. 
With ventilation openings at floor and ceiling levels only, and with 100 o up ts cc an 
distributed between the two levels. (8.73) shows that occupants at gallery level are 
always located within tile middle layer (for vent areas that are realistically achievable 
in All Souls church). Maximising: the air quality for these occupants, therefore, 
involves minimising the temperature of the iiaiddle layer (achieved with a higher hj) 
and ensuring that the upper interface is located above the upper occupied zone, 
i. e. h2 > 6.4 m. Key result 4 ascertains that this can be achieved by increasing the 
present effective area of the ventilation openings. 
By estimating ýl and ý2 wsing (8.73), for different values of . 
4*/H2 and occu- 
pant distributions in the range 0<u :5 10000. the required interface heights were 
achieved w%ith an effective opening area of . 
4*/H2 = 0.0944. For a source distri- 
bution of t^- = 50: 50 =1 the predicted stead). interface heights are hl = 2.80 in 
and h2 = 6.72 in. These are above the respective occupied zones and result in a 
middle layer temperature of 1.2 'C above the ambient temperature, predicted by 
(5.2) and (2.2) as above. The volume flux predicted by (5.1) at the exit vents is 
then 3.52 m 3/, S. giving occupants near the floor 70.3 I/s per person of fresh, 
outdoor-quality air. Occupants on the galleries experience the same ventilation rate, 
but inhale mildly polluted air from the middle layer. 
Key result. -, 5 and 6 inform us that moving occupants down from the galleries 
(i. e. increasing t., in (8.73)) results in a lower hl and a higher h2, meaning that 
the temperature of the middle layer increases and the air quality for occupants 
on the galleries decreases. For example. a source distribution of ý= 75: 25 =3 
(i. e. 25 people oil the gallerieý, ) results in steadv interface heights of h, == 2.26 in and 
h2 = 8.88 m. and a middle layer temperature 1.6 'C above the ambient temperature. 
The flow rate is t hen Q,, t ýz 3.69 m3 ' 
/s. giving occupants located near the floor 
49.1 I/s per person of fresh. outdoor-quality air. When all the occupants are near 
the floor. the niiiiinnini lower interface height of h, = 2M in is established. the 
buoyant layer temperature is 2.1 'C above the ambient temperature and the flow 
rate is Q,,, : zz 4,01 iii'/s. giving 40.11 ' 
Is per person. 
Moving occupants up to the galleries results in a higher hi and a lower 112. F'rOM 
key result 7 %%-(- know that this increases the air quality for occupants oil the galleries, 
as long as theY are below the tipper interface. However. the tipper interface falls to 
below tv, = 6.40 in when 58 of the 100 occupants are located on the galleries. An 
effective opening area of A*111' = 0.0944 is. therefore. suitable for All Souls church 
with the condition that tile litililber of people oil the galleries does not exceed the 
nuinber of people oil the floor l, which niatches present occupancy patterns). Tile 
itiodel developinent backeoi tip by the detailed coniparisoll with measurements gives 
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its these unique insights. 
The ventilation flow rates per person required by building regulations, CIBSE 
(2005b), are already exceeded with present ventilation conditiolls. Mirt, lieritiore, key 
result 8 shows us that moving occupants between low and Iiigli level has oiily it siuall 
effect, on the ventilation flow rates. The building regulitt-ions would also, dierefore, 
be satisfied with an increased effective opening area. 
An effective opening area of A*IH' = 0.0944 (! all be achieved widi all exit, velit 
area of a,,, t = 12.27 in 2, by taking c,,, t = 0.6 and assuming a inuch larger entry veiit 
area. This can be achieved with, for example, eight 1.4 tit dianieter velits ill t1le 
ceiling, assuming no further flow restrictions above the vents. However, the present 
entry vent area in All Souls church is relatively sinall. With Al die wiiidows opeii, 
together with the main doors into the church, the entry vent arcit is ai,, = 9.9: j 1112, 
which is smaller than the above area of the exit vents. This gives le = ai,, 1a,,,, 1 - 0.8 1 
and means that the inflowing air will drive mixing oil the lower interface, Coffey 
Hunt (2004b). 
The entrance to All Souls church consists of three sets of' doors. It, would bv 
possible, with minor building alterations, to hicrease Ole iii-ea (4 tlic two iiiiier sets 
of doors. However, the entry opening area is limited 1) ,v 
the doors front flie street, 
whose size cannot be altered. These have diniciisioiis 1.8 tit widt1i x 3.8 ill liviglit., 
giving an opening area of 6.84 in 2. The church also has two sets of side doors, 
each with dimensions 1.2 in width x 2.4 ill height, giving a collibilled o1wililig alva 
of 5.76 in 2. The maximum entry opening area that call real istical ly be aciiieved 
with the present doors and windows is, therefore, ai" = 18.48 1112, giVilig I? - 1.50. 
This is just over 3% of the floor area of the church, which is lower diau Ole 5W, 
recommended by Quincey et al. (1997) (see section 2.3,100), itud w0tild still rcsiilt 
in mixing driven by the inflow. 
The limited entry vent area requires all exit vent, area of a,,, t = 16.39 tit 2 týo giV(ý 
A*/ 1[2 = 0.0944. This can be achieved with eight 1.6 tit dianieter veiits tit t lic 
ceiling. These ventilation conditions are not unrealistic in All Souls (. 11111-cli. 
However, a major difficulty in providing natural veiifilatioti ill All Souls cliurcli 
arises from the fact that the church is located next to a busy road. Dtiriiig services, 
the inner doors to the church are deliberately closed to reduce the noise froiii traf- 
tic. However, even when this is done, the noise entering throligh the willdows is 
considerable. Providing ventilation oil the scale described above, dierefore, would 
require strict noise insulation as in the case of the Contact Tlicatre itt, Nlaiicliest, cr 
University, described by Quincey et al. (1997). 
The steady stratifications predicted by the niodel d() iiOt tilk-e jilto accoulli 
draughts from inflowing air, or the movement of occupants (including st,, ul(Illig 111) 
and sitting down) during events. Both effects would contribute to the mixing of' 
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air and considerable disturbance of the lower interface. The proximity of dic 
interface to the occupants means that this would affect the air that is being inlialvd. 
Furthermore, the height of the interface is lower than tlie heiglit of' Hic eliti-alice 
doors, meaning that some of the entry vents would be located witilin H1,111j(Hle 
layer, which does not match the model. 
The 'buffer' or 'reservoir effect, described in section 2.2 (1). 30), is also not, takell 
into account by the model. It might be the case that, duritig a typical service lastiiig 
1.5 hours, steady conditions are not actually established, aijd flic interface liviglits 
may not descend to the levels described by the model. In this case, Hie 11iodel 
provides a 'safety margin' by exceeding the actual iiiiiiiiiiiiiii desigii re(lidiviiiviits for 
the church. Alternatively, the interface heights experienced (1in-iiig a service iiia , N, 
be lower than the steady heights (i. e. they may 'overshoot' t1w steady 11eiglits), 1., i 
described by Hunt & Linden (1998), in which case t1je opening areas niaY iived to 
be further increased. 
A limitation of the model is that ventilation opelliligs are re(Illired to be located 
within the bottom and top layers. Therefore, airflows through the windows lbove 
the galleries in All Souls church cannot be modelled. Livernion, &, W'oo(Is (2007) 
showed that, for distributed sources, openings between the floor and cefling cIII 
significantly alter the airflows within the space, wl6ch caii iniprove Ow vciihlatioii. 
Finally, it should be noted that temperature ineýisurenients are iweded to test 
the above predictions, which are, at present,, purely dicorctical. 
To conclude, the research herein provides unique insights into die flows in aiidito- 
ria, as shown by applying eight of the key results to All Souls chin-cli. 'Hic i(leilisvd 
model developed in section 8.3 can be used to estimate the airflows in (jitiescent 
conditions, for specific occupancy layouts and vent locations. These nisiglits limv 
not previously been possible and provide basic guidelines for developHig a liatin-al 
ventilation systems for auditoria. 
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